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Serial No. 09/087,3 12 -2- 

5. I am presenting tiiis declaration to demonstrate tbat TRP8 is involved 
in bitter taste transduction and that membrane potential may be used to measure TRP8 
activation. 

6. Two groups of mice were tested for their aversion to denatonium and 
quinine, two bitter compoimds, using a short access Uckometer test, which measures the 
frequency with which the mice lick solutions containing varying concentrations of tastants. 
As shown in Figure 1 (left panel), the lick ratio of the wild type mice ("WT control") steadily 
decreased from 1.0 to 0.1 hcks per interval as the concentration of denatonium increased 
from 0.1 mM to about 4 mM. The lick ratio of the TRP8 knockout mice ('TRPS KO"), 
however, did not fall below 1 .0 until the denatonium concentration reached about 10 mM. 
Similarly^ as shown in Figure 1 (right panel) the lick ratio of the wild type mice steadily 
decreased from about 0.7 to about 0. 1 licks per interval as the concentration of quinine 
hydrochloride increased from 0.01 mM to about 10 mM. The hck ratio of the TRP8 
knockout mice, however, did not fall below 0.6 until the quinine hydrochloride concentration 
reached 1 mM, and never fell below 0,5. Thus, the TRP8 knockout mice showed a decreased 
aversion to both bitter compounds compared to the response of the wild-type mice. These 
data demonstrate that TRP8 is involved in bitter taste transduction. 

Figure 1, TRP8 Knockout Mice Show Diminished Aversion to Bitter Compounds 
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7, Membrane potential is the electrical potential across the cell membrane 
resulting from the difference in the concentration of charged ions, /.e, net charge, on each 
side of a membrane. ALBERTS ET AL,, EsSE^mAL CELL BIOLOGY 376-377 (1997) (Exhibit I). 
In mammalian cells, including taste cells, the cytoplasmic side of the plasma membrane is 
usually at a negative potential relative to the outside, Le,^ there is generally a net negative 
charge on the internal side of the membrane and a net positive charge external the membrane. 
See Alberts at 372-373; Kinnamon & Roper, "Passive and Active Membrane Properties of 
Mudpuppy Taste Receptor Cells," J. Physiol 383:601-614 (1987) (Exhibit 2). Thus, an 
increase in intracellular cations, e.g., calciimi or others, would reduce the net negative charge 
inside the cell, thereby decreasmg the membrane potential, /.e, causing cell depolarization. 
Cell depolarization is also a process often associated with transmitter release in sensory ceUs. 
Principles of Neural Science 253-279 (Eric R, Kandel et al. eds., 4th ei McGraw-Hill 
Co. 2000) (Exhibit 3). U.S. Patent Application No. 09/834,792 to Margolskee et al. 
("Margolskee'O teaches that TRP8 activation is associated with increased levels of 
intracellular calcium and with transmitter release. Margolskee ^ [001 1], [0060]. Thus, 
considering that TRP channels were known to be by and large non-selective cation channels, 
Zhang et al,, "Increased Inwardly Rectifying Potassium Currents in HEK-293 Cells 
Expressing Murine Transient Receptor Potential 4/' Biochem, J. 354(Pt 3):717-725 (200 1) 
(Exhibit 4), and the known relationships between cation entry and membrane potential and 
between depolarization and transmitter release, this teaches that an increase in the level of 
TRP8 activation would be associated with a decrease m membrane potential. 

8. The effect of carbachol (a surrogate bitter tastant) on membrane 
potential in wild type HEK 293 cells and HEK 293 cells transfected witii TRP8 was 
evaluated. As illustrated in Figure 2, carbachol activates the Ml G-protein-coupled receptor 
("Ml GPCR"), leading to activation of TRP8, which in turn residts in an increase in the 
fluorescence signal of the membrane potential dye. This increased fluorescence signal is 
indicative of a decrease in the cell membrane potential caused by opening of a cation channel. 
As shown in Figure 3, after exposure to 30 )4M carbachol ("Carb."), ceUs transfected with 
TRP8 (**TRP8 Transfectants") exhibited an increase from 0 to about 70,000 fluorescence 
units ("RFCT*)- This signal increase is indicative of cell depolarization where positive ions 
enter the cell and decrease the membrane potential. In contrast, wild type cells ("Sham 
Transfectants") exhibited very littie change in fluorescence response and hence membrane 
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potential. These data demonstrate that membrane potential may be used to measure 
activation of TRP8. 

Figure 2, TRP8 Activation by Bitter Compounds 
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Figure 3. A Cell-Based Assay Utilizing Cloned mTRP8: Sham vs. Tiansfectant Reponses 
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9. I hereby declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are beUeved to be tme; and 
further that these statements were made with Ifae knowledge that wiltfiil &lse statements and 
the like so made are punishable by fine or imprisonment, or both, under section 1001 of 
Title 1 8 of the United States Code, and that such willM &lse statements may jec^axdize the 
validity of the application or any patent issuing thereon. 
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TWo niajOL^slass es of membrane transport proteins can be distin- 
guished, ^rrier pro rgm^bind a solute on one side of the membrane and 
deliver it to the other side through a change in the conformation of 
the carrier protein. The solutes transported in this way can be either 
small organic molecules or inorganic ions. I ^hannel p roteins\ hy con- 
trast, form tiny hydrophilic pores in the membrane, tnroilgh which 
solutes can pass by diffusion (Figure 12-2). Most channel proteins let 
through inorganic ions only and are therefore called /oo^c^onngisXeUs 
can also selectively transfer macromolecules such as proteins across 
their membranes, but this requires more elaborate machinery, which is 
discussed in Chapter 14. 

In the first section of this chapter we discuss carrier proteins and 
their functions in solute transport. In the second section we consider the 
behavior and functions of ion channels. Because ions are electrically 
charged, their movements can create powerful electric forces across the 
membrane. These forces enable nerve cells to carry out electrical signal- 
ing, as we discuss in the final section. 

To provide a foundation for these discussions, we begin by consid- 
ering the differences in intracellular ion composition between a cell and 
its environment. This will help make it clear why the transport of ions by 
both carrier proteins and ion channels is of such fundamental impor- 
tance to cells. 



Figure 1 2-2 A schematic view of the two 
classes of membrane transport proteihs. 

A carrier protein undergoes a series of i:^ 
conformational changes to transfer srnall. ' 
water-soluble molecules across the ]ij0C \ 
bilayer. In contrast, a channel proteih ;?^^ : 
forms a hydrophilic pore across the bilayer 
through which specific inorganic ions daii 
diffuse. As would be expected, channierv : 
proteins transport at a much greater rate , ] 
than carrier proteins. Ion channels can t 
exist in either an open or a closed confor- 
mation and transport only in the open^^ 
conformation, which is shown. Their/IJJ? 
opening and closing is usually conproUed 
by an external stimulus or by conditions^: 
within the cell. "^u- 



The Ion Concentrations Inside a Cell Are Very Different 
from Those Outside 

Ion transport across cell membranes is of central importance in biology. 
Cells maintain an internal ion composition that is very different from 
that in the fluid around them, and these differences are crucial for a cell's 
survival and function. Inorganic ions such as Na"^, K"^, Ca^"^, CI', and H"^ 
(protons) are the most plentiful of all the solutes in a cell's environment, 
and their movements across cell membranes play an essential part in 
many cell processes. Animal cells, for example, pump Na"^ outward 
across their plasma membrane to keep the internal concentration of Na* 
low. This pumping helps balance the osmotic pressures on the two sides 
of the membrane: if the pumping faUs, water flows into the cell by osmo- 
sis and causes it to swell and burst. Ion movements across cell mem- 
branes also play fundamental roles in the functioning of nerve cells, as 
we discuss later, and in the production of ATP by all cells, as we discuss 
in Chapter 13. 

The ion concentrations inside and outside a typical mammalian ceil 
are shown in Table 12-1. Na^ is the most plentiful positively charged ion 
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Table 1 2-1 Comparison of Ion Concentrations Inside and Outside 
a Typical Mammalian Cell 



Component 



Intracellular 
Concentration (mM) 



Extracellular 
Concentration (mM) 



Cations 

Na* 

Ca'^* 
Anions 

ci- 

Fixed anions* 



5-15 
140 
0.5 
10'^ 

7xl0-'(10-''-' M orpH 7:2) 

5-15 
high 



145; 
■ ■ -5 ■ 
1-2 
1-2 

4 x 10-'(10-'-' MorpH 7.4) 

110 
0 



*The concentrations of Ca^"^ and Mg^"^ given are for the free ions in the cytosol. There is a 
total of about 20 mM Mg^* and 1-2 mM Ca^* in cells, but this is mostly bound to proteins 
and other substances and thus cannot leave the cell. Much of the total cell Ca^* is stored 
within various organelles. 

**The fixed anions are the negatively charged small and large organic molecules that are 
trapped inside the cell, being unable to cross the plasma membrane. 



I (cation) outside the cell, while K"^ is the most plentiful inside. If a cell is 
I; not to be torn apart by electrical forces, the quantity of positive charge 
^1 inside the cell must be balanced by an almost exacdy equal quantity of 
3 negative charge, and the same is true for the charge in the surrounding 
i fluid. (Tiny excesses of positive or negative charge, concentrated in the 
; neighborhood of the plasma membrane, are allowed and have impor- 
i tant electrical effects, as we discuss later.) 

The high concentration of Na^ outside the cell is balanced chiefly by 
extracellular CI". The high concentration of K"^ inside is balanced by a 
^ variety of negatively charged intracellular ions (anions). In fact, most 
3 intracellular constituents are negatively charged: in addition to Cr, cells 
contain inorganic ions such as bicarbonate (HCiOg") and phosphate 
(P04^), organic metabolites carrying negatively charged phosphate and 
carboxyl (COO") groups, and macromolecules such as proteins and 
nucleic acids that also carry numerous phosphate and carboxyl groups. 
The negatively charged organic molecules are sometimes called "fixed 
anions" because they are unable to escape from the cell by crossing the 
plasma membrane. 



Carrier Proteins and Their Functions 

C arrier prote ins are required for the transport of almost all small or- 
ganic molecules across cell membranes, with the exception of fat- 
soluble molecules and small uncharged molecules that can pass 
directly through the lipid bilayer by simple diffusion. Each carrier pro- 
tein is highlyselective, often transporting jusLonfi^ljqig^of^^ 
guide and propel the complex traffic of small molecules into and out of 
the cell and between the cytosol and the different membrane-bounded 
organelles, each cell membrane contains a set of different carrier pro- 
teins appropriate to that particular membrane. Thus in the plasma 
membrane there are carriers to import nutrients such as sugars, amino 
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carrier protein mediating soJute-binding site 
passive transport 

adopt at least two conformations and switches reversibly and randomly 
between them. In one conformation the carrier exposes binding sites for 
glucose to the exterior of the cell; in the other it exposes this site to the 
interior of the cell (Figure 12-6). . 

When glucose is plentiful outside the liver cell (after a meal), glucose 
molecules bind to the externally displayed binding sites; when the pro- 
tein switches conformation, it carries these molecules inward and 
releases them into the cytosol, where the glucose concentration is low. 
Conversely, when blood sugar levels are low (when you are hungry), the 
hormone glucagon stimulates the liver cell to produce large amounts of 
glucose by the breakdown of glycogen. As a result, the glucose concen- 
tration is higher inside the cell than outside, and glucose binds to any 
internally displayed binding sites on the carrier protein; when the pro- 
tein switches conformation in the opposite direction, the glucose is 
transported out of the cell. The flow of glucose can thus go e itherway, 
according to the direction of the g lucose concentration ^adient across 
the membrane — inward if glucose is more concentrated outside the cell 
than inside, and outward if the opposite is true. Transport proteins of 
this type, which permit a flux of solute but play no part in determining 
its direction, carry out passive transport. Although passive, the transport 
is highly selective: the binding sites in the glucose transporter bind only 
D-glucose and not, for example, its mirror image L-glucose, which the 
cell cannot use for glycolysis. 

For g lucos e, which is an unc harged mo lecule, the direction of pas- 
sive transport is determined simplv by the concentration gradien t. For 
electrically charged molecules, either small organic ions or inorganic 
ions, an additional force comes into play. For reasons we explain later, 
most cell membranes have a voltage across them, a difference in the 
electrical potential on each side of the membrane, which is referred to as 
the membrane potentifil This exerts a force on any molecule that carries 
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Figure 12-6 A hypothetical model show- ^ 
ing how a conformational change in a = 
carrier protein could mediate the passive 
transport of a solute like glucose. The car- 
rier protein can exist in two conforma- 
tional states: in state A the binding sites / 
for the solute are exposed on the outside 
of the membrane; in state B the same sites 
are exposed on the other side of the mem4 
brane. The transition between the two 
states is proposed to occur randomly and 
independently of whether the solute is 
bound and to be completely reversible. If ■ 
the concentration of the solute is higher ':4 
on the outside of the membrane, it will be;; 
more often caught up in A -> B transitions^ 
that carry it into the cell than in B -> A'^^M^ 
transitions that carry it out, and there will? 
be a net transport of the solute down its:% 
concentration gradient. 



Figure 12-7 The two components of the 1^ 
electrochemical gradient. The net drivihg-v 
force (the electrochemical gradient) tendrf ; 
ing to move a charged solute (ion) across^ 
the membrane is the sum of the conceni^ 
tration gradient of the solute and the volt-; 
age across the membrane (the membrane^ 
potential). The width of the green arrow% 
represents the magnitude of the electro- Si 
chemical gradient for the same positively 
charged solute in three different situations. 
In (A), there is only a concentration gradi- , 
ent. In (B), the concentration gradient is3^ 
supplemented by a membrane potential;j;^ 
that increases the driving force. In (C), ttiej 
membrane potential decreases the driving 
force that is caused by the concentration f : 
gradient. 
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in electric charge. The cytoplasmic side of the plasma membrane is usu- 
;ally at a negative potential relative to the outsid e, and this tends to pull 
^positively charged solutes into the cell and drive negatively charged ones 
iput At the same time, a charged solute will also tend to move down its 
concentration gradient. 

W The net force driving a charged solute across the membran e is there- 
fore a composite nf twnjni^ gradie nt 
^nd the (ott^ du e to the voltage across the membrane . This net driving 
vforce is called the el ectrochemicalgra dient for the given solute. It is this 
gradient that determines the direction of passive transport across the 
riiembrane. For some ions, voltage and concentration gradient work in 
ahe same direction, creating a relatwely steep electrochemical gradient 
;fFigure 12-7B). This is the case with Na^ for example, which is posi- 
tively charged and at a higher concentration outside cells than inside. 
ElNa"^ therefore tends to enter cells if given a chance. If the voltage and 
Iconcentration gradients have opposing effects, the resulting electro- 
; chemical gradient can be small (Figure 12-7C). This is the case for K\ a 
^positively charged ion that is present at a much higher concentration 
fihside cells than outside. Because of opposing effects, has a smal l 
blectrochemical_gadient^^ 

gfc entrat ion gradient, and therefore there is little net movement of 
^acrosslhe membrane. 
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|Active Tyansport Moves Solutes Against Their 
I Electrochemical Gradients 

Cells cannot rely solely on passive transport. Active transport of solutes 
against their electrochemical gradient is essential to maintain the intra- 
cellular ionic composition of cells and to import solutes that are at a 
lower concentration outside the cell than inside. Cells carrv out active 
t ransport in three main ways (Figure 12-8): ^flD C oupled transporte rs^ 
c ouple the uphill transport of one solute across the membrane to the 
downhill transport of another. \^AT P-drwen pumps couple uph ill 
transport to the hydrolysis of ATP. ^ Li ght-driven pumps, which are 
found mainly in bacterial cells, couple uphill transport to an input of 
energy from light, as mentioned earlier for bacteriorhodopsin. 

Since a substance has to be carried uphill before it can flow down- 
hill, the different forms of active transport are necessarily linked. Thus in 
the plasma membrane of an animal cell, an ATP-driven pump transports 
Na^ out of the cell against its electrochemical gradient, and the Na"^ then 
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Figure 1 2-8 Three ways of driving active 
transport. The actively transported mole- 
cule is shown in yellow, and the energy 
source is shown in red. 
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PASSIVE AND ACTIVE MEMBRANE PROPERTIES OF MUDPUPPY 
TASTE RECEPTOR CELLS 

By S. C. KINNAMON and S. D. ROPER 

From the Rocky Mountain Taste and Smell Center, University of Colorado Health 
Sciences Cenier, 4200 East 9th Avenue, Denver, CO 80262, and the Department of 
Anatomy, Colorado State University, Fort Collins, CO 80523, U.S.A. 

{Received 17 March 1986) 



SUMMARY 

1. Intracellular recordings were obtained from taste receptor cells and surface 
epithelial cells of isolated mudpuppy lingual epithelium. 

2. Surface epithelial cells had a mean resting potential of — 40-2 ± 8-9 mV, a mean 
input resistance of 40'3±ll-3 MJ2, and a linear current-voltage (I~V) relationship. 
Taste receptor cells had a mean resting potential of —61*7 ±15 mV, a mean input 
resistance of 380*3 ± 1 77-2 MQ, and the /- V relationship showed pronounced outward 
rectification; the outward rectification persisted in high-K"*" saline, but was abolished 
by tetraethylammonium bromide (TEA). 

3. Surface epithelial cells responded to depolarizing current injection with only 
passive membrane potential changes. Taste receptor cells responded to brief pulses of 
depolarizing current injection with regenerative action potentials characterized by 
an abrupt rising phase, an inflexion on the falling phase, and a prolonged 
after-potential. 

4. The abrupt rising phase of the action potential was blocked by tetrodotoxin 
(TTX), suggesting that voltage-gated Na"*" currents are responsible for the rising 
phase. 

5. Long-duration action potentials were elicited from cells treated with TEA to 
block outward K*^ currents and with TTX to block Na^ currents, and from cells 
bathed in isotonic CaClg- These results suggest that the active membrane response 
contains a significant Ca^^ component. 

6. The after-potential was blocked or greatly reduced by the addition of Ca^'*' 
channel blockers to the bathing medium. In contrast, addition of TEA to the bathing 
medium greatly enhanced the after-potential. These data suggest that a significant 
portion of the after-potential is Ca^"*" mediated. 

7. The mean reversal potential for the after-potential ( — 76-8 ±6-0 mV) was 
significantly different from the mean reversal potential for the undershoot of the 
action potential ( — 86±5*6mV). Superfusion with TEA reduced the reversal po- 
tential of the after-potential to —42-3 ±8*2 mV and abolished the undershoot. These 
results suggest that the after-potential results from at least two conductances, one 
which is blocked by TEA and the other which is Ca^"*" dependent and involves ions 
other than, or in addition to K"^. 
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8. Our data suggest that taste receptor cells, unlike surface epithelial cells, possess 
voltage-gated Na**", Ca^"*", and K"*" channels, as well as Ca^^-mediated channels. The 
role of the Ca^"*" channels may be in part to regulate release of transmitter onto nerve 
terminals. The role of the other conductances in taste transduction is unknown. 

INTRODUCTION 

Intracellular recordings from individual sensory receptors have provided important 
information concerning mechanisms of sensory transduction. In many sensory cells 
it has been possible to record generator currents, receptor potentials and membrane 
conductance changes during sensory stimulation. From a number of studies in a 
variety of tissues it is becoming clear that many sensory receptors have voltage-gated 
and Ca*'''-activated conductances, and can generate action potentials mider appro- 
priate conditions (Lewis & Hudspeth, 1983; Corey, Dubinsky & Schwartz, 1984; 
Ohmori, 1984; Fuchs & Mann, 1986). In addition, there is evidence that these 
conductances play roles in sensory transduction. For example, pharmacological 
studies of rod photoreceptor cells have revealed that voltage-sensitive Ca*+ and K"*" 
channels, as well as Ca*"'"-activated K"*" and Cl~ channels may be important in 
modulating the light-evoked receptor potential (Bader, Bertrand & Schwartz, 1982). 
Similar studies of isolated cochlear hair cells suggest that voltage-sensitive Ca*"*" 
channels and Ca*'*'-activated K"*" channels are involved in the electrical tuning 
mechanism of the hair cell membrane (Lewis & Hudspeth, 1983). 

Much less is known about the ionic mechanisms underlying taste transduction. The 
lack of information concerning taste receptor cells is due in part to the diflftculty in 
recording from the smaU taste cells of most species. Although intracellular recordings 
have been made from taste receptor cells in catfish (Teeter & Kare, 1974), frogs (Sato 
& Beidler, 1975; Akaike, Noma & Sato, 1976; Kashiwayanagi, Miyake & Kurihara, 
1983; Sato, Sugimoto, Okada & Miyamoto, 1984), mudpuppies (West & Bernard, 
1978), rats (Ozeki, 1971 ; Ozeki & Sato, 1972) and mice (Tonosaki & Funakoshi, 1984), 
what has been reported to date is that taste receptor cells generally have low resting 
potentials (less than — 40mV), low input resistances (17-80 MQ), linear current- 
voltage (I-V) relationships and strictly passive membrane properties (however, cf. 
Roper, 1983; Kashiwayanagi a/. 1983). Taste receptor cells respond to a variety 
of chemical stimuli with depolarizing or hyperpolarizing membrane potential 
changes, but the ionic conductances underlying these receptor potentials are 
unknown (Sato, 1980). 

We have re-examined the properties of taste receptor cells, using the large taste 
bud cells of Nedurus maculosus. By stabilizing the isolated lingual epithelium in a 
vibration-free chamber and impaling single taste receptor cells under direct visual 
control, we have obtained data which differ significantly from the results of previous 
investigators. We report here that taste receptor cells have high resting potentials, 
high input resistances, non-linear I~V relationships, and most importantly that they 
produce regenerative action potentials when electrically excited. A preliminary 
report of these findings has been published (Roper, 1983). 
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METHODS 

M udpuppies (Nedurua macttUmis) were obtained from commercial suppliers and maintained at 
4-10 *C in fresh water aquaria. They were fed minnows or earthworms bi-weekly. 

Dissecting and recording procedures were those described by Roper (1983), To recapitulate, 
animals were rapidly decapitated and the upper jaw removed to expose the tongue. The lingual 
epithelium was gently freed from the dorsal anterior portion of the tongue by blunt dissection, and 
then stretehed flat in a shallow chamber which had a glass bottom. The chamber was attached to 
the stage of a fixed-stage microscope equipped with a 40 x water immersion objective and Nomarski 
differential interference contrast optics. When viewed in this manner (400 x ), entire taste buds, 
individual taste cells, and even apical processes of single taste cells could be observed. Taste cells 
were clearly distinguishable from the surrounding epithelial cells by the following criteria: (1) taste 
cells were long and cylindrical, whereas epithelial cells were cuboidal in shape and (2) taste cells 
were always contained within the confines of the taste bud, which was clearly visible at 400 x . 
Several taste cells have been filled with the dye Lucifer Yellow ; dye-fiUed cells were always within 
the confines of the taste bud (Yang & Roper, 1986). 

The preparation was perfused with an amphibian physiological saline (APS) solution 
(112mM-NaCl, 2 mM-KCl, 8 mM-CaCl,. 5 mM-HEPES (i^-2-hydroxyethylpiperazine-jy^'- 
ethanesulphonic acid) buffered to pH 7*2 with NaOH) unless otherwise indicated. The elevated 
Ca'**' concentration facilitated stable intracellular impalemente. Preparations remained viable for 
several hours under these conditions, and for up to two days if stored at 4 ^'C. Tetrodotoxin (TTX) 
was obtained from Sigma Chemical Corporation; apamin was obtained from Serva Biochemicals; 
chary bdotoxin was a generous gift from Dr Christopher Miller, Brandeis University. All experiments 
were performed at room temperature (approximately 20 **C). 

Micropipettes for intracellular recording had resistances of 50-150 MO (filled with 2*5 M-KCl). 
An agar-APS bridge connected to a AgCl pellet served as a reference electrode. Micro-electrodes 
were manipulated under visual control at 400 x and inserted into taste receptor cells (through the 
taste pore) or into surface epithelial cells. Stable impalements could be maintained for several 
minutes during constant perfusion of the bathing medium (approximately 1 ml/min). 

Current was passed through the micro-electrode after carefully balancing the bridge circuit 
(WPI M4A electrometer with bridge) to obtein I-V relationships and to stimulate taste cells. 
Amplifier leakage currents were frequently checked and nulled to avoid artifacte during membrane 
potential measurements. Resting potentials were measured at the end of the impalement when the 
micro-electrode was abruptly and cleanly withdrawn from the cell. 



RESULTS 

Taste receptor cells (tajste cells) of the mudpuppy are found within taste buds 
located on papillae which are usually spaced 2-3 mm apart on the anterior portion 
of the tongue. Non-gustatory epithelial cells comprise the remaining lingual epi- 
thelium. Since taste cells comprise a renewing neuroepithelial tissue which is derived 
from the surrounding lingual epithelium, it was of interest to compare membrane 
properties of taste cells with membrane properties of non-gustatory epithelial cells. 

Passive membrane properties 

Epithelial cells 

Besting potentials obtained from micro-electrode impalements of surface epithelial 
cells varied from —22 to —60 mV, with a mean value of —40*2 ±8*9 mV (n = 11). 
The I-V relationship of a typical epithelial cell, obtained by passing a series of 
hyperpolarizing and depolarizing current pulses through the recording micro - 
electrode, is shown in Fig. lA, In all cells examined, the I-V relationship was linear 
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Fig. 1. Typical /-F relationships of : ^4, a surface epithelial cell and jB, a taste cell, obtained 
by passing current through the micro-electrode. Abscissa, current. Ordinate, membrane 
potential. Insets: top traces, membrane potential; bottom traces, current monitor. Note 
that the /-F relationship for the epithelial cell is linear, whereas the J~V relationship for 
the taste cell shows outward rectification. In a few experiments, measurements were made 
with depolarizing currents as well as hyperpolarizing currents. Such cells showed linear 
J-V relationships with depolarizing current pulses until threshold was reached. 



at all membrane potentials. The mean input resistance, calculated from the slopes 
of the individual I-V relationships was 40-3 ± 11-3 Mi2 (to = 9). With an average cell 
radius of 13-7 x 10"* ±7 2 x 10"* cm (to = 15) (measured from enzymatically dis- 
sociated epithelial cells which become spherical after isolation: S. C. Kinnamon, 
T, Cummings & S. D. Roper, in preparation), the specific membrane resistance was 
calculated to be 926 Q cm*. The average membrane time constant was 1-68 ±0*66 ms 
(to = 5) which yields a specific capacitance for the epithelial cell membrane of 
l-8xl0-« F/cm\ 
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Taste cells 

In contrast to epithelial cells, taste cells had high resting potentials: values varied 
from —41 to — llOmV. In one series where resting potentials were carefully 
measured after a brief impalement, we obtained a mean value of —61*7 + 15 0 mV 
(n = 21). We attribute the large variability in resting potentials to unavoidable 
damage accompanying impalement of these long, spindle-shaped cells. The input 
resistances (measured from the linear portion of the I—V relationship) were unex- 
pectedly high, with a mean value of 380*3 ± 177-2 MQ (n =8). From a measured cell 
radius of 12*6 x 10~*± 1*3 x 10"^ cm (taste cells, like epithelial cells, become spherical 
when enzymatically dissociated: S. C. Kinnamon, T. Cummings & S. D. Roper, in 
preparation) and a measured membrane time constant (measured from the linear 
portion of the /-F relationship) of 617 ± 31*2 ms (n = 8), we calculated a mean specific 
membrane resistance of 7600 Q, cm^ and a mean specific membrane capacitance of 
8*3 X 10"' F/cm^ for taste cells. The large value obtained for specific membrane 
capacitance of taste cells could reflect an underestimate of membrane area of 
individual taste cells, such as microvillar membrane or membrane folds that would 
not be detected in the light microscope. Alternatively, it could reflect electrotonic 
coupling between taste cells in situ (West & Bernard, 1978; Yang & Roper, 1986). 

The I-V relationship of taste cells, unlike epithelial cells, showed a pronounced 
non-linearity with increasing hjrperpolarization (Fig. IB)\ in particular, the non- 
linearity appeared when the membrane was hyperpolarized in excess of —60 mV. 
Since rectification can occur simply because of unequal concentrations of permeant 
ions, especially K"*", across the membrane (Jack, Noble & Tsien, 1975), we repeated 
experiments in APS containing 60 mM-KCl (NaCl was replaced with KCl) so that K"*" 
concentrations would be similar across the membrane. Under these conditions, the 
membrane potential depolarized to approximately — 20 m V and the /- V relationship 
became even more non-linear (Fig. 2A). Superfusion with the K"*" channel blocker 
tetraethylammonium bromide (TEA; 5 mM) increased the input resistance of taste 
cells and caused the I-V relationship to become linear (Fig. 2^). In addition, when 
taste cells were exposed to TEA in normal APS (2 mM-KCl), there was a 20-30 mV 
depolarization of the resting membrane potential and a concomitant increase in input 
resistance. These results indicate that taste receptor cells have a voltage-sensitive, 
non-inactivating resting conductance that closes with hyperpolarization. 

Active membrane properties 

Surfa^ce epithelial cells responded to depolarizing current pulses with only passive 
potential changes. In sharp contrast, taste receptor cells produced regenerative action 
potentials when depolarized with brief current pulses (Fig. 3-4; cf. Roper, 1983). 
These impulses had several characteristic features: First, there was a distinct 
threshold for regenerative excitability. This threshold varied with the quality of 
micro-electrode impalement (i.e. the resting potential and the input resistance), but 
was usually 10-30 mV positive to the resting potential. Secondly, the falling phase 
of the impulse often had a noticeable inflexion or plateau, suggestive of a Ca^"*" 
component to the underlying currents (Fig. 3-4, arrow). Thirdly, only a single action 
potential was elicited even when the depolarizing current was maintained for several 
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Fig. 2 Effect of elevated external K"*^ and of TEA on the I-V relationship in taste cells. 
A, during exposure of taate cell to 60 mM-K"*"; resting potential was —20 mV. Note that 
the non-linearity was enhanced by the elevated K"*". during exposure of taste cell to 
60 mM-K'^ plus 5 nriM-TEA. Note that TEA completely blocked the non-linearity and 
increased the input resistance of the cell. 



seconds (Fig. Finally, most action potentials were followed by a prolonged 
after-potential. A hyperpolarizing after-potential occurred when an impulse was 
elicited at resting potential ( — 60 mV; Fig. 4: A) and a depolarizing after-potential 
occurred when an impulse was elicited from a cell h3rperpolarized approximately 
40 mV by direct current injection (Fig. 45). Although most cells were capable of 
generating action potentials, there was a large variability in the duration of impulses 
and after-potentials in cells within a taste bud. 

Ionic basis of the rising phase of impvises 

We superfused the preparation with TTX while recording from a single taste cell 
to determine if Na"*" currents are involved in impulses of taste cells. Action potentials 
were reversibly blocked in 1 /tM-TTX (Fig. 5) ; lower doses of TTX were ineffective. 
These data suggest that the rising phase of the impulse in taste cells is produced by 
voltage-gated Na"*" channels and that the channels are somewhat less sensitive than 
Na"*" channels in nerve and intact muscle cells to the blocking action of TTX, as are 
Na"*" channels of denervated skeletal muscle (Pappone, 1980). 
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Fig. 3. Action potential elicited by depolarizing current injection in taste cells. A, sub- 
and suprathreshotd responses to brief pulses of depolarizing current. Upper trace, 
membrane potential (resting potential = — 58 mV); bottom trace, current through the 
micro-electrode. The arrow represents an inflexion on the falling phase of the impulse. 
response of a taste cell to prolonged current injection : top trace, zero potential ; middle 
trace, intracellular membrane potential; bottom trace, current through the micro- 
electrode. Note that only a single action potential was elicited by prolonged electrical 
stimulation. 



Ionic basis of the inflexion and falling phase of impulses 

The inflexion on the falling phase of the impulse in taste cells suggests the presence 
of Ca*"*" currents. To determine if Ca*"*" currents are involved in taste cell action 
potentials, we blocked Na"*" currents with TTX and outward K"*" currents with TEA. 
Fig. 6-4 illustrates that taste cells were excitable under these conditions, and that 
impulses had a longer duration and a higher threshold than normal. Furthermore, 
impulses could be evoked even in the absence of Na"*"; Fig. %B illustrates an impulse 
elicited in the presence of 85 mM-CaClg. We conclude from these experiments that 
the regenerative membrane response contains a significant Ca*"*" component in 
addition to the aforementioned Na"*^ current. 

TEA also blocked the undershoot of the action potential (Fig. 6^). TEA has been 
found to block a variety of voltage- and Ca^'*'-dependent K"*" conductances in different 
cell types, including the delayed rectifier, Ca*^-mediated K"*" conductance, and the 
sarcoplasmic reticulum K**" channel (Latorre & Miller, 1983). Although our data 
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Fig. 4. After-potentials following an impulse in a taste cell. A, at the resting potential 
{ — 77 m V) and B, when the cell was hyperpolarized approximately 40 mV by passing 
current through the micro-electrode. The dashed line in B represents the resting potential 
of the cell. Note that the after-potential was hyperpolarizing at the resting potential and 
depolarizing when the cell was hyperpolarized. 




Fig. 5. Response of a taste cell to depolarizing current injection before (A) and after (B) 
superfusion with 1 /tM-TTX. Note that most of the active membrane response was blocked 
by the TTX. 

indicate that outward K"*" currents are important in repolarizing the membrane 
following an action potential, we do not know which t3rpe(s) of K"*" channel(s) is 
involved. It is possible that the voltage-sensitive K"*" conductance which is open at 
the resting potential (Figs. \B and 2A, B) is the main conductance responsible for 
action potential repolarization. 

Ionic basis of the after-potential 

The after-potentials following impulses, an example of which is shown in Fig. 45, 
sometimes lasted for several seconds. Since such after-potentials in many neurones 
are produced by Ca^'^-dependent conductances, and also because action potentials in 
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taste cells have a Ca*"*" component, we examined the Ca^"*" dependence of taste cell 
after-potentials by replacing Ca^"*^ with either 5 mM-CdClgjS mM-CoCljOrS mM-MnClj, 
which block Ca*"*" channels in other tissues. After-potentials were either completely 
blocked or reduced in amplitude and duration by replacement of Ca*"*" with these 




Fig. 6. Ca*"*" action potentials in taste cells. A, action potential recorded from a taste cell 
superfused with 1 /tM-TTX to block Na"*" currents and 5 mM-TEA to block outward K"^ 
currents; resting potential = — 90mV. B, action potential recorded from a taste cell 
bathed in isotonic (85 mM) CaClg; resting potential = — 85 mV. 



compounds (Fig. 7). In some experiments the eflFect of Ca^+ replacement could be 
reversed ; however, reversal usually took several minutes and during this time the 
recording often deteriorated. In contrast, TEA greatly enhanced the amplitude and 
duration of the after-potential (Fig. 6-4), presumably by prolonging the duration of 
Ca*"^ influx during an action potential. These data suggest that a significant portion 
of the after-potential is Ca*"*" mediated, either directly by a prolonged increase in Ca^"^ 
conductance or indirectly by Ca^^-activated permeability increases to other ions. 

We measured the reversal potential of the after-potential to determine what ions 
are responsible for the after-potential. Fig. 8 illustrates impulses recorded at different 
membrane potential levels which had been established by injecting constant current 
through the micro-electrode. The after-potential reversed polarity at — 76 mV in this 
example, which was similar to the mean value obtained from ten cells ( — 76*8 ± 6 mV). 
This value is much more negative than the Ca*^ equilibrium potential ; therefore, the 
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after-potential is likely produced by a Ca^"*'-mediated conductance rather than a 
prolonged increase in the conductance to Ca*"*". Superfusion with TEA (5 mM) shifted 
the reversal potential of the after-potential from —76 ±6 to —42-3 ±8*2 mV. 
The reversal potential of the after-potential diflFered significantly from the reversal 




Fig. 7. Action potentials elicited from a taste cell before (A) and after (B) replacing CaClg 
with 5 mM-CdClj- The cell was hyperpolarized by steady current injection to — 100 mV 
to enhance the depolarizing after-potential. Note that the after-potential was greatly 
reduced, but not completely abolished by CdClj. 

potential for the impulse undershoot (mean = — 86-5 + 5-6 mV), which presumably 
reflects the equilibrium potential. The diflference between the reversal potentials 
for the undershoot and the after-potential suggests a portion of the after-potential 
is mediated by ions other than K"*". Ca*'*"-dependent CI" (Mayer, 1985) as well as 
Ca*''"-dependent non-specific cation conductances (Yellen, 1982; Petersen & 
Maruyama, 1984) have been found in a variety of tissues, and it is possible that these 
ions are involved in taste cell after-potentials. 

The effect of TEA on the reversal potential suggests that either a voltage-dependent 
K"*" leak (Fig. 2) contributes significantly to the reversal potential of the after- 
potential, or that there is a Ca^^-mediated K"*" conductance that is blocked by TEA, 
or that the delayed rectifier K"*" conductance is still active, as is true for hair cells 
(Lewis & Hudspeth, 1983). To determine if taste cells have a Ca^''"-dependent K"*" 
conductance, we examined the eflFects of toxins which have been shown to block 
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Ca^"*"-dependent K"^ conductances in a variety of other tissues, namely apamin 
(Romey & Lazdunski, 1984) and charybdotoxin (Miller, Moczydlowski, Latorre & 
Phillips, 1985). Neither apamin (5 mM) nor charybdotoxin (100 nM) had any 
measurable effect on taste cell after-potentials. 




10 nA 



50 ms 

Fig. 8. Reversal potential for the after-potential. Action potentials were elicited at three 
different holding potentials which were established by passing steady current through the 
micro-electrode: top trace, resting potential ( — 60mV); middle trace, holding 
potential = — 76 mV; bottom trace, holding potential = — 100 mV. Note that the after- 
potential reversed polarity at —76 mV. 



In summary, the data suggest that the after- potential is produced by at least two 
conductances, one that is blocked by TEA and the other which is Ca^^ mediated and 
involves ions other than, or in addition to K"*", 



DISCUSSION 

The data presented here show that the membrane properties of taste receptor cells 
differ quite strikingly from surrounding epithelial cells. Most notably, taste cells in 
the mudpuppy are electrically excitable and possess voltage-gated Na"*", Ca^"*", and 
K"*" channels, as well as Ca^'*"- mediated channels. Our findings were unexpected, since 
with the exception of one other investigation (Kashiwayanagi et al. 1983), these data 
are unprecedented. We attribute our findings to the improved recording conditions, 
namely a vibration -free environment for intracellular micro -electrode impalement. 
In addition, the large size of mudpuppy taste cells facilitates stable micro-electrode 
impalement. Although we cannot rule out the possibility that taste cells in the 
mudpuppy are fundamentally different from those of other species, we believe this 
is unlikely. Taste cells in the mudpuppy respond to the same basic stimuli as do taste 
cells of other species, with the exception that the mudpuppy lacks a response to sweet 
taste (McPheeters & Roper, 1985). Furthermore, we were able to replicate very closely 
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many of the findings from previous investigations in other species : when there were 
clear signs of cell damage during micro-electrode impalement, we obtained passive 
membrane properties identical to those reported by others and the taste cells were 
unex citable. Voltage-gated channels similar to those in taste cells have been found 
recently in other non-neuronal cells, including Schwann cells (Gray & Ritchie, 1985), 
lymphocytes (Yellen, 1984), pancreatic islet of Langerhans cells (Ashcroft, Harrison 
& Ashcroft, 1984), cochlear hair cells (Lewis & Hudspeth, 1983 ; Ohmori, 1984 ; Fuchs 
& Mann, 1986), and photoreceptor cells (Corey et al. 1984). 

The resting properties of taste cells are unusual, in that the so-called leak (resting) 
K"*" conductance appears to be voltage-sensitive. Voltage-dependent K"*" channels that 
can be open at the resting potential include Ca^'^'-dependent K"*" channels (for review, 
Latorre & Miller, 1983) and the K"^ channels which mediate the M-current in 
amphibian sympathetic neurones (Adams, Brown & Constanti, 1982). 

In this report we have emphasized properties of taste cells which were common 
to the majority of taste cells impaled. Nevertheless, there were large deviations from 
the mean values for several of the parameters measured. There are two possibilities 
for the variability in measured values. First, although taste cells in Necturus are large 
compared to taste cells of other species, they are still small relative to many excitable 
cells which have been studied with micro-electrodes. Thus, it is probable that we 
damaged the membrane of some taste cells during micro-electrode impalement. A 
second more intriguing possibility is that the diflferent classes of taste cells have 
different properties (see West & Bernard, 1978). For example, there are at least four 
morphological classes of taste cells which are believed to represent different stages 
in the growth of taste receptor cells (Kinnamon, Taylor, Delay & Roper, 1985; 
Delay, Kinnamon & Roper, 1986). Thus, it is possible that membrane properties of 
taste cells vary with age of the cell, as has been found for muscle cells and several 
types of neurones (for review see Spitzer, 1979). Such a variability in basic membrane 
properties could influence the response of the taste cell to chemosensory stimulation. 

A critical question is: what role do the passive and active membrane properties 
play in chemosensory transduction? In this paper we have not addressed the 
observations that chemosensory stimulation can also produce action potentials in 
taste cells (Kinnamon, McPheeters & Roper, 1985). It is possible that the Ca^^ influx 
associated with action potentials potentiates transmitter release from taste cells onto 
gustatory terminals (Kashiwayanagi et al, 1983). However, it is unlikely that action 
potentials would be required for transmitter release, since the length constant of the 
taste cell membrane is sufficient to allow subthreshold potentials to spread from the 
apical region to the basal region of the cell with little decrement (S. D. Roper, 
unpublished observation). It is also unlikely that action potentials serve to code 
stimulus intensity under normal conditions, since we rarely see repetitive impulses 
to either a sustained electrical depolarization (Fig. 3£) or a sustained chemical 
stimulation (S. C. Kinnamon & S. D. Roper, in preparation). One possibility is that 
voltage-gated channels are modulated by an electrogenic Na"*" pump. Electrogenic 
Na"*" pumps are commonly found in many transporting epithelia (Petersen, 1980). 
The presence of low concentrations of NaCl might be expected to hyperpolarize the 
basolateral membrane of taste cells by activating an electrogenic Na"*" pump. This 
hyperpolarization would in turn affect voltage-sensitive membrane channels and 
influence the receptivity to other substances. 
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An intriguing possibility is that the voltage-gated and Ca^''"-mediated channels are 
modulated by the taste stimulus and therefore directly cause chemosensory 
transduction. Modulation of ion channels could occur by direct interaction of the taste 
stimulus with ion channels on the apical membrane, or by indirect action on ion 
channels throughout the cell through the release of intracellular second messengers. 
Ionic channels in other systems have been found to be modulated by neurotrans- 
mitters acting through second messengers. For example, serotonin closes K"*" channels 
in sensory neurones of Aplysia (Siegelbaum, Camardo & Kandel, 1982), and nor- 
adrenaline increases the mean open time of cardiac Ca^"*" channels (Reuter, Stevens, 
Tsien & Yellen, 1982). In addition, and of greater relevance to taste transduction, 
K"*" channels of pancreatic cells are closed in response to glucose (Ashcroft et ah 1984), 
and K"*" channels derived from sarcoplasmic reticulum of muscle are closed in response 
to protons (Bell, 1985). The precise role of the membrane conductances described in 
this report to taste transduction awaits more detailed investigations of the response 
of taste cells to chemical stimuli. 

We thank Dr Paul Fuchs for a critical reading of the manuscript and Dr William Betz for the 
use of his digitizer and computer. This study was supported by N.I.H. grants NS20382, 
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knowledge, changes in b-eatment and drug therapy are required. The editors and the publisher of 
this work have checked with sources believed to be reliable m their efforts to provide information 
that is complete and generally in accord with the standards accepted at the time of publication. 
However, in view of the possibility of hioman error or changes in medical sciences, neither the ed- 
itors nor the publisher nor any other party who has been involved in tiie preparation or publica- 
tion of this work warrants that the it\formation contained herein is in every respect accurate or 
complete, and they are not responsible for any errors or omissions or for the results obtained 
from use of such information. Readers are encouraged to confirm the information contained 
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uct information sheet included in the package of each drug tiiey plan to admimster to be certain 
that the information contained in this book is accurate and that changes have not been made in 
die recommended dose or in the confraindications for administration. This recommendation is of 
particular importance in cormection wdth new or infrequentiy used drugs. 



Cover image: The autoradiograph Illustrates the widespread localization of 
mRNA encoding the NMDA-Rl receptor subtype determined by in situ hy- 
bridization. Areas of high NMDA receptor expression are shown as light re- 
gions in this horizontal section of an adult rat brain. 

From Moriyoshi K, Masu M, IshiX Shigemoto R. Mizuno N, Nakanlshi S. 
1991. Molecular cloning and characterization of the rat NMDA receptor. Na- 
ture 354:31-37. 
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^iulter Release Is Regulated by Depolarization of the 
p^aptic Teiminal 
Ifriilter Release Is Tiiggered by Caldiim Influx 

flitter Is Released in Quantal Units 
^tterls Stored and Released by Synaptic Vesicles 
^Ijnaptic Vesides Discharge Transmitter by Exoq^tosis 
^foiocy tosis Involves the Fonnation of a Fusion Pore 
pSynaptic Vesides Are Recyded 
^liy of Proteins Are Involved in the Vesicular Release 
"sinitter 

^ount of Tiansmitter Released Can Be Modulated by 
^ting the Amount of Caldiun Influx During the 
^^otenlial 

^Sitrinsic Cellular Medianisms Regulate the 
Eg^ncentration of Free Caldun\ 

j^o-axonic Synapses on Presynaptic Terminals Regulate 
acellular Free Caldum 



1^ OF THE BRAIN'S MOST remarkable feats, sudi as 
Ipining and memory; are thought to emerge from 
s^l: elementary properties of diemical synapses, 
^tjnctive feature of these synapses is that action 
in the presynaptic terminals lead to the re- 
^^ichemical transmitters. In the past three chapters 
phow postsynaptic receptors for these transmit- 
^&d1 the ion charmels that generate the postsyn- 
^^ential. Now we return to the presynaptic cell 
^Ider how electrical events in die terminal are 
Pl^feo the secretion of neurotransmitters. In the 



next chapter we shall examine the chemistry of the 
neurotransmitters themselves. 

Transmitter Release Is Regulated 

by Depolarization of the Presynaptic Terminal 

How does an action potential in the presynaptic cell 
lead to the release of transmitter? The importance of de- 
polarization of the presynaptic membrane was demon- 
strated by Bernard Katz and Ricardo Miledi using the 
giant synapse of the squid. This synapse is large enough 
to permit the insertion of two electrodes into tine pre- 
synaptic terminal (one for stimulating and one for 
recording) and an electrode into the postsynaptic cell for 
recording the synaptic potential, which provides an in- 
dex of transmitter release. 

The presynaptic cell typically produces an action po- 
tential with an amplitude of 110 mV, which leads to 
transmitter release and the generation of a large synaptic 
potential in the postsynaptic celL The action potential is 
produced by voltage-gated Na"*" influx and efflux, 
Katz and Miledi found ti:\at when the voltage-gated Na 
channels are blocked upon application of tetrodotoxin, 
successive presynaptic action potentials become pro- 
gressively smaller, owing to the progressive blockade of 
Na"*" channels during the onset of tetrodotoxin's effect 
The postsynaptic potential is reduced accordingly. When 
the Na*** channel blockade becomes so profound as to re- 
duce the ampHhide of tiie presynaptic spike below 
40 mV, the synaptic potential disappears altogether (Fig- 
ure 14-lB). Thus, transmitter release (as measured by the 
size of the postsynaptic potential) shows a steep depen- 
dence on presynaptic depolarization. 
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Rgure 14-1 The contribution of voltage-gated Ha* chan- 
nels to transmitter release Is tested by blocking the chan- 
nels and measuring the amplitude of the presynaptic action 
potential and the resulting postsynaptic potential. (Adapted 
from Katz and Miledi 1967a.) 

A. Recording electrodes are Inserted in both the pre- and post- 
synaptic fibers of the giant synapse in the stelfate ganglion of a 
squid. 

B. Tetrodotoxin (TTX) is added to the solution bathing the cell 
in order to block the voltage-gated Na* channels. The ampli- 
tudes of both the presynaptic action potential and the postsyn- 
aptic potential gradually decrease. After 7 min the presynaptic 
action potential can still produce a suprathreshold synaptic po- 
tential that triggers an action potential in the postsynaptic cell 
(1 ). After 14 and 15 min the presynaptic spike gradually be- 
comes smaller and produces smaller synaptic potentials (2 and 
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3). When the presynaptic spike is reduced to 40 mV or less,- 
fails to produce a synaptic potential (4). 

C. An input-output curve for transmitter release can be infe 
from the dependence of the amplitude of the synaptic pote 
on the amplitude of the presynaptic action potential. This Wo 
tained by stimulating the presynaptic nen/e as the Na"** cha';; 
neis for the presynaptic action potential are progressively f 
blocked. 1, A 40 mV presynaptic depolarization is required t 
produce a synaptic potential. Beyond this threshold there isj 
steep increase in amplitude of the synaptic potential in re-f 
sponse to small changes in the amplitude of the presynap'" 
potential, 2. The semilogarithmic plot of the data in the i 
output curve illustrates that the relationship between the f 
synaptic spike and the postsynaptic potential is logarithmic^ 
1 0 mV increase in the presynaptic spike produces a lO-foldf 
crease in the synaptic potential. 



How does membrane depolarization cause trans- 
mitter release? One possibility, suggested by the above 
experiment, is that Na"^ influx may be the important fac- 
tor. However, Katz and Miledi were able to show that 
such influx is not necessary. While the Na**" channels 
were still fully blocked by tetrodotoxin, Katz and Miledi 
directly depolarized the presynaptic membrane by 
passing depolarizing cuixent through the second intra- 
cellular microelectrade. Beyond a threshold of about 
40 mV from the resting potential, progressively greater 
amounts of transmitter are released (as judged by the 
appearance and amplitude of tl\e postsynaptic poten- 
tial). In the range of depolarization at whidi chemical 



bransmitter is released (40-70 mV above the 
level), a 10 mV increase in depolarization produc? 
10-fold increase in transmitter release. Thtas, the pr:^ 
aptic terminal is able to release transmitter withoij,^ 
influx of Na"*". The Na*** influx is important only i 
as it depolarizes the membrane enough to genera^j? 
action potential necessary for bransmitter release. 

Might the voltage-gated efflux triggered 1 
action potential be responsible for release of 
ter? To examine the contribution of K"^ efflux to ' 
mitter release, Katz and Meledi blocked the voljl 
gated K"^ channels with tetraethylammonium ^ 
same tune they blocked the voltage-sensitive Na"^ % 
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s'14-2 Blocking the voltage-sensitive Na"*^ channels 
$ channels in the presynaptic terminals affects the 

le and duration of the presynaptic action potential 
fie resulting postsynaptic potential, but does not block 
ise of transmitter. (Adapted from Katz and Miledi 



texperimental arrangement is the same as in Figure 14- 
it that a current-passing electrode has been inserted 
^presynaptic cell. (TEA - tetraethylammonium.) 
iVoltage^ated Na**" channels are completely blocked by 
l^rodotoxin (TTX) to the cell-bathing solution. Each set 
I'itraces represents (from bottom to top) the depolarizing 
Sfpulse injected into the presynaptic terminal (/), the re- 
Igotential in the presynaptic terminal (Pre), and the post- 
"Spptential generated as a result of transmitter release 
!e:pb5tsynaptic cell (Post). Progressively stronger current 
'^fe applied to produce correspondingly greater depoiar- 
i^fif .thB presynaptic terminal (2-4); These presynaptic 
^tions cause postsynaptic potentials even in the ab- 
llia'*' flux. The greater the presynaptic depolarization, 
grthe postsynaptic potential, indicating that membrane 
^!|exerts a direct control over transmitter release. The 



-^ .^ lodotoxin. They then passed a depolarizing 
0|hrough the presynaptic terminals and found 
^^postsynaptic potentials nonetheless were of 
^|fee, indicating that normal transmitter release 
"HjjEgure 14-2). Indeed, under the conditions of 
t, the presynaptic potential is maintained 
5it;,the current pulse because the K**" current 
"^^ ' repolarizes the presynaptic membrane is 
a result trai\sraitter release is sustained 
Increases in the presynaptic potential 



presynaptic depolarizations are not maintained throughout the 
duration of the depolarizing current pulse because of the de- 
layed activation of the voltage-gated K"*" channels, which 
causes repolarization. 

C. After the voltage-gated Na"^ channels of the action potential 
have been blocked, tetraethylammonium (TEA) is injected into 
the presynaptic terminal to block the voltage-gated K"*" chan- 
nels as well. Each set of three traces represents cun-ent pulse, 
presynaptic potential, and postsynaptic potential as in part 

B. Because the presynaptic K"** channels are blocked, the 
presynaptic depolarization is maintained throughout the current 
pulse. The large sustained presynaptic depolarizations produce 
large sustained postsynaptic potentials (2-4). This indicates 
that neither Na"*" nor channels are required for effective 
transmitter release. 

D. Blocking both the Na* and K**" channels permits the mea- 
surement of a more complete input-output curve than that in 
Figure 14-1 . In addition to the steep part of the curve, there is 
now a plateau. Thus, beyond a certain level of presynaptic de- 
polarization, further depolarization does not cause any addi- 
tional release of transmitter. The initial level of the presynaptic 
membrane potential was about -70 mV. 



above an upper limit produce no further increase in 
postsynaptic potential (Hgure 14-2D). Thus, neither 
Na**" nor K*** flux is required for bransmitter release. 



Transmitter Release Is Triggered 
by Calcium Influx 

Katz and Miledi then turned their attention to Ca^*** 
ions.- Earlier, Jose del Castillo and Katz had foimd that 
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Figure 14-3 A simple experiment demonstrates that trans- 
mitter release is a function of Ca^"*^ Influx into the presynap- 
tic terminal. The voltage-sensitive Na"*" and K'^ channels in a 
squid giant synapse are blacked by tetrodotoxin and tetraethyl- 
ammonium. The presynaptic tenninal is voltage-clamped and 
the membrane potential is stepped to six different command 
levels of depolarization (bottom traces). The amount of pre- 
synaptic inward Ca^*** current (middle traces) that accompanies 
the depolarization con-elates wdth-the amplitude of the resulting 
postsynaptic potential (top traces). This is because the amount 
of Ca ^ cunent through voltage^ated channels determines the 
amount of transmitter released, which in turn determines the 
size of the postsynaptic potential. The notch in the postsynap- 
tic potential trace is an artifact that results from turning off the 
presynaptic command potential (Adapted from Llin^s and 
Heuser 1977J 



increasing the extracellular Ca^"** concentration en- 
hanced transmitter release; lowering the extracellular 
Ca^"*" concentration reduced and iiltimately blocked 
synaptic transmission. However, since transmitter re- 
lease is an intracellular process, these findings implied 
that (Za^"*" must enter the cell to influence transmitter re- 
lease. 

Previous work on the squid giant axon had identi- 
fied a dass of voltage-gated Ca^"^ channels. As there is a 
very large inward electrochemical driving force on 
Ca^"^— the extracellular Ca^"^ concentration is normally 
four orders of magnitude greater than the intracellular 
concentration — opening of voltage-gated Ca^"^ channels 
would result in a large Ca^**" influx. These Ca^"** channels 
are, however, sparsely distributed along the main axon. 
Katz and Miledi proposed that the Ca""^ channels might 
be much more abundant at the presynaptic terminal and 
that Ca^"*" might serve dual functions: as a carrier of de- 



polarizing charge during the action potential (Uke 
and as a special signal conveying infonnation abq|| 
changes in membrane potential to the intracellularjiii 
chinery responsible for transmitter release. 

^ Dnect evidence for the presence of a voltage-ga^; 
Ca^**" current at the squid presynaptic terminal was 
vided by Rodolfo Llinas and his colleagues. Usm^^ 
microelectrode voltage clamp, Llinas depolarized tfe 
terminal while blocking the voltage-gated Na**" and 
channels with tetrodotoxin and tetraethylammoniufl 
respectively. He found that graded depolarizations'-a^' 
tivated a graded inward Ca^"*" current, which in tunisil 
suited in graded release of transmitter (Figure 14-3). 
Ca^"^ current is graded because the Ca^"** d\ai\f 
possess voltage-dependent activation gates, like ^Sl 
voltage-gated Na* and K"^ channels. The Ca^*^ chai^ 
in the squid terminals differ from Na"^ channels, h6p 
ever, in that they do not inactivate quickly but stay op^ 
as long as the presynaptic depolarization lasts. ^ 
striking feature of transmitter release at all synaps4f^ 
its steep and nonlinear dependence on Ca^"*" influxl 
two-fold increase in Ca^"*" influx can increase transmit 
release up to 16-fold, This relationship indicates 
some site — called the calcium smsor—the binding p| 
to f oiu* Ca ions is required to trigger release. 

Even in the axon terminal Ca^"*" currents are 
and are normally masked by Na"** and K*** cm . 
wluch are 10-20 times larger. However, in the regio:^ 
the active zone (the site of transrrutter release) Ca" 
flux is 10 times greater than elsewhere in the t 
This localization is consistent with the distiibufciq: 
intramembranous partides seen in freeze-fracture 
tron micrographs and thought to be tlie Ca^* 
(see Figure 14-7 in Box 14-2). 

The localization of Ca^**" channels at active ^ 
provides a high^ local rise in Ca^"*" concentration ^| 
site of transmitter release during the action potenti^^ 
deed, during an action potential the Ca^*** concentra| 
at the active zone can rise more than a thotasandfo]("' 
-100 pM) within a few hundred microseconds.] 
large and rapid increase is required for the rapid| 
chronous rdease of transmitter. The caldum sensqi 
sponsible for fast transmitter release is thought to 
a low affinity for Ca^"*". On the order of 50-100 pM^ ^ 
cellular Ca^"*" is required to trigger release, whereas| 
-1 |jlM of Ca^"** is required for many enzymatiGr 
tions. Because of the low-affinity caldmn sensor, r^-, 
only takes place in a narrow region surrounding ^\ 
tracellular mouth of a Ca""^ diaimel, tlie only lo#] 
where the Ca^"^ concentration is suffident to triggf 
lease. The requirement for a high concentration olii 
also ensures that rdease wiU be rapidly tertni^ 
upon repolarization. Once the Ca^*^ channels dos| 
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ji local Ca^**" concentration dissipates rapidly (witliin 
^) because of diffusion. 
^(Galciuin channels open somewhat more slowly 
^ the Na"*" diannels and therefore Ca^*** influx does 
||)ccur until the action potential in the presynaptic 
Jias begun to repolarize (Figure 14-4). The delay that 
Characteristic of cliemical synaptic transmission— tlie 
^'from the onset of the action potential in tlie presyn- 
terminals to the onset of the postsynaptic poten- 
r-is due in large part to the time required for Ca^**" 
inels to open in response to depolarization- How- 
4> because the voltage-dependent Ca^^ channels are 
^^ted very dose to the trai\smitter release sites, Ca^^ 
^ds to diffuse only a short distance, pernutting trans- 
|er rdease to occur witliin 0.2 ms of Ca^"*" entry! 
•|As we shall see later in this chaptei; the duration of 
■'gaction potential is an important determinant of the 
Jiunt of Ca^"^ that flows into the terminal. If the ac- 
K potential is prolonged, more Ca^"*" flows into die 
jand therefore more transmitter is rdeased, causing a 

ter postsynaptic potential, 
f :Caldum channels are found in all nerve cells as well 
m cells outside the nervous system, such as skdetal 
^1/cardiac niusde cells, where the channels are impor- 
^lifor exdtation-contraction coupling, and endocrine 
^ where they mediate rdease of hormones. There 
Jnany types of Ca^"^ channels— called L, F/Q, N, R, 
d T— with spedfic biophysical and pharmacological 
]perties and different physiological functions. The 
|inct properties of these channd types are deter- 
.,ed by the identity of their pore-forming subunit 
^^ed the al-subunit), which is encoded by a femily 
^related genes (Table 14-1). Caldum channels also 
assodated subunits (termed ot2, p, 7, and 8) that 
Jify tlie properties of the channd formed by the 
^ubunits. All al-suburufcs are homologous to the 
^tage-gated Na"*" chaimd a-subimits, consisting of 
repeats of a basic domain containing six transmem- 
^J.^ segments (induding an S4 voltage-sensor) and a 
l^lining ? region (see Figure 9-14). 
I^ost nerve cells contain more dian one type of 
diarmd. Channels fonned from the different 
it^^^*^ can be distinguished by their different 
||age-dependent gating properties, dieir distinctive 
^.itivity to pharmacological blockers, and their spe- 
J^physiological function. The L-type dmnmls are se- 
^^vdy blocked by die dihydxopyridines, a dass of 
™portant drugs used to treat hypertension. 
^/Q-hfpe channels are sdectively blocked by lo-aga- 
^ IVA, a component of tiie venom of the funnd web 
^ The N-fype channels are blocked selectivdy by a 
obtained from the venom of tiie marine cone snail, 
.|*?-conotoxin GVIA. The L-type, f /Q-type, N-type, 
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Figure 14-4 The time course of Ca^*^ influx in the presynap- 
tic cell determines the onset of synaptic transmission. An 
actjon potential in the presynaptic cell (1) causes voltage-gated 
Ca^'*' channels in the terminal to open and a Ca^'*' current (2) to 
flow into the terminal. (Note that the Ca^"** cun-ent is turned on 
during the descending phase of the presynaptic action potential 
owing to delayed opening of the Ca^"*" channels.) The Ca^"^ in- 
flux triggers release of neurotransmitter. The postsynaptic re- 
sponse to the transmitter begins soon afterward (3) and, if suf- 
ficiently large, will trigger an action potential in the postsynaptic 
cell (4). (EPSP = excitatory postsynaptic potential.) (Adapted 
from LlinSs 1982.) 

and R-type channels all require fairly strong depolariza- 
tions for their activation (voltages positive to -40 to 
-20 mV are required), and are thus often refened to as 
high'Voltage-acHvated Ca^*** channels. In contrast, T-type 
Ca channels are low-voUage-actimted Ca^"*" channels 
that open in reponse to small depolarizations around 
the threshold for generating an action potential (—60 to 
-40 mV). Because they are activated by small changes 
in membrane potential, the T-type channels help control 
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Table 14-1 Molecular Bases for Calcium Channel Diversity 



Gene^ 


Ca^**" channel type 


Tissue 


A 


P/Q 


Neurons 


B 


N 


Neurons 


C/D/S 


L 


Neurons, endocrine 






Heart, skeletal muscle 


E 


R 


Neurons 


G/H 


T 


Neurons, heart 



Selective bloclcers 



oi-agatoxin (spider venoni) 
tii-conotoxin {snail venom) 
Dlhydropyridines 



^The gene for the main pore-forming type of al-subunlL 



Fastrel'^ 

Fastrej-"^^ 

Slow 

(PepHdl 

Fastrd- 

Exdtabjg 



excitability at the resdng potential and are an important 
source of the exdtatory current that drives the rhythmic 
pacemaker activity of certain cells, both in the brain and 
the heart. 

In neurons the rapid release of conventional trans- 
mitters associated with fast synaptic transmission is 
mediated by three main classes of Ca^*^ channels: the 
P/Q-type, the N-type, and R-type channels. The L-type 
channels do not contribute to fast transmitter release but 
are important fgr the slower release of neuropeptides 
bom neurons and of hormones from endocrine cells. 
The fact that Ca^"*" influx through only certain types of 
Ca channels, can control transmitter release is pre- 
sumably due to the fact that these channels are concen- 
trated at active zones. Localization of the N-type Ca^**" 
channels at the active zones has been visualized with 
fluorescendy labeled to-conotoxin at the frog neuromus- 
cular junction (Figure 14-5). By contrast, L-type chan- 
nels may be excluded from active zones, limiting their 
participation to slow synaptic transmission. 



Transmitter Is Released in Quantal Units 

How and where does Ca^**" influx trigger release? To an- 
swer that question we must first consider how transmit- 
ter substances are released. Even though the release of 
synaptic transmitter appears smoothly graded, it is ac- 
tually released in discrete packages called quanta. Each 
quantum of transmitter produces a postsynaptic poten- 
tial of fixed size, called the quantal sijmptic potential The 
total postsynaptic potential is made up from an integral 
number of quantal responses (Figure 14-6). Synaptic po- 
tentials seem smoothly graded in recordings only be- 
cause each quantal (or tmit) potential is small relative to 
the total potential 



Paul Fatt and Bernard Katz obtained tlie first d| 
to the quanta! nature of synaptic transmission when^ 
made recordings from the nerve-muscle synapse 
frog without presynaptic stimulation and obs 
small spontaneous postsynaptic potentials of aboiii| 
mV. Like the nerve-evoked end-plate potentials, i 
small depolarizing responses were largest at the si"' 
nerve-musde contact and decayed electronically / 
distance (see Figure 11-5), Similar results have since^ 
obtained in mammalian muscle and in central neuro 
Because the sjmaptic potentials at vertebrate nl 
musde synapses are called end-plate potentials, Fatt? 
Katz called these spontaneous potentials miniatiirifen 
plate potentials. 

The time course of the miniature end-plate po' 
tials and the effects of various drugs on them are in- 
tinguishable from the properties of the end-plate poL 
tial evoked by nerve stimulation. Because acetylchc?! 
(ACh) is the transmitter at the nerve-musde synapse| 
miniature end-plate potentials, like the end-plate po 
tials, are enhanced and prolonged by prostigmiii^f 
drug that inhibits tiie hydrolysis of ACh by aqe^ 
cholinesterase. Likewise, the miniature end-plate pQ| 
tials are reduced and finally abolished by agentef^' 
block the ACh receptor. In the absence of stimulatiorS^ 
miniature end-plate potentials occur at random in" 
vals; fclieir frequency can be increased by depolarj^ 
the presynaptic tenninal. They disappear if the pi^' 
aptic motor nerve degenerates but reappear when 3% 
motor synapse is formed, indicating that these eC 
represent small amounts of transmitter that are con* 
ously released from the presynaptic nerve terminaLj'^ 
What could account for die fixed size (aro; 
0.5 mV) of the miniature end-plate potential? Del ( 
and Katz first tested the possibility that each quaif" 
represented a fixed response due to the opening off 
g-Ze ACh receptor-channel. By appljing small amotir| 
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Calcium channels are con- 
S^ted at the neuronr^uscular junc- 
^H^egions of the presynaptic nerve 

Wa\ opposite clusters of acetyl- 
JJkg (ACh) receptors on the past- 
» membrane. The fluorescent im- 
laws the presynaptic Ca^"*- channels 
l^ifter labeling with a Texas 
ifeipled marine snail toxin that binds 
"^-channels. Postsynaptic ACh re- 
[jjl^are labeled in green with horon- 
llifiethane difluoride-labeled 
likotoxin, which binds selectively to 
Tr^eptors. The two images are nor- 
iifeijperimposed but have been sepa- 
^r clarity. The patterns of labeling 
ffiSpth probes are in almost precise 
W indicating that the active zone of 
pl^aptic neuron is in almost per- 
^^hment with the postsynaptic 
iHBiMrBne containing the high concentra- 
^p#ACh receptors. (From Robitaille et 
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Ki.the frog muscle end-plate they were able to elidt 
,^firang responses much smaller than 0.5 mV. From 
te^ecame dear that the miniature end-plate potential 
'^Sect the opening of more than one ACh receptor- 
^infact, Katz andMiledi were later able to estoiate 
^^entary current through a single ACh receptor- 
being only about 0,3 pV (see Chapter 6). This 
Mp/2000 of the amplihide of a spontaneous minia- 
' S*§plate potentiaL Thus a miniature end-plate po- 
»0.5 mV requires summation of the elementary 
about 2000 channels. This estimate was later 
when the currents through single ACh-acti- 
Lnels were meastired direcfly using patch- 
^^ques (see Box 6-2). \ 



Since the opening of a single channel requires the 
binding of two ACh molecules to the receptor (one mol- 
ecule to each of the two a-subimits), and some of the re- 
leased ACh never reaches the receptor molecules (either 
because it diffuses out of the synaptic deft or is lost 
through hydrolysis), about 5000 molecules are needed 
to produce one miniature end-plate potential. This 
number has been confirmed by direct chemical mea- 
surement of the amount of ACh released with each 
quantal synaptic potential. 

We can now ask some important questions. Is the 
normal postsynaptic potential evoked by nerve stimula- 
tion also composed of quantal responses tliat corre- 
spond to the quanta of spontaneously released transmit- 
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Rgure 14-6 Neurotransmitter is released in fixed incre- 
ments, or quanta. Each quantum of transmitter produces a 
unit postsynaptic potential of fixed amplitude. The amplitude of 
the postsynaptic potential evoked by nerve stimulation is equal 
to the unit amplitude multiplied by the number of quanta of 
transmitter released. 

A. Intracellular recordings from a muscle fiber at the endplate 
show the postsynaptic change in potential when eight consec- 
utive stimuli of the same size are applied to the motor nerve. 
To reduce transmitter output and to keep the end-plate poten-' 
tials small, the tissue was bathed in a Ca^"*"-deficient {and 
Mg^'*"-fich) solution. The postsynaptic responses to the stimu- 
lus vary. Two presynaptic impulses elicit no postsynaptic re- 
sponse (failures); two produce unit potentials; and the others 
produce responses that are approximately two to four times 
the amplitude of the unit potential. Note that the spontaneous 
miniature end-plate potentials (S) are the same size as the unit 
potential. (Adapted from Liley 1 956.) 

B. After many end-plate potentials were recorded, the number 
of responses at each amplitude was counted and then plotted 
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in the histogram shovwi here. The distribution of responses^ 
falls into a number of peaks. The first peak, at 0 mV, repres- 
failures. The first peak of responses, at 0.4 mV. represents tB 
unit potential, ^e smallest elicited response, TTiis unit re- 3 
sponse is the same amplitude as the spontaneous miniature 
end-plate potentials (inset). The other peaks in the histogra^ 
occur at amplitudes that are integral multiples of the amplrtu:^ 
of the unit potential. Tlie red line shows a theoretical distrifi'* 
tion composed of the sum of several Gaussian functions fit^ 
to the data of the histogram. In this distribution each peaki: 
slightly spread out, reflecting the fact that the amount of trap 
mitter in each quantum, and hence the amplitude of the pos 
synaptic response, varies randomly about the peak. The nurff 
ber of events under each peak divided by the total number 
events in the histogram is the probability that the presynap^j 
terminal releases the corresponding number of quanta. Thi?]; 
probability follows a Poisson distribution (see Box 14-1). The" 
distribution of amplitudes of the spontaneous miniature ppt§ 
tials, shown in the inset, is also fit by a Gaussian cun/e. 
(Adapted from Boyd and Martin 1956.) 



ter? If so, what deteraiines the number of quanta of 
bransmitter released by a presynaptic action potential? 
Does Ca^**" alter the number of ACh molecules that 
make up each quantum or does it affect the number of 
quanta released by each action potential? 

These questions were addressed by del Castillo and 
Katz in a study of synaptic signaling at the nerve- 
musde synapse when the external concentration of 
Ca^"*" is decreased. When the neuromuscular junction is 
bathed in a solution low in Ca^"^, the evoked end-plate 
potential (normally 70 mV in amplitude) is reduced 
markedly, to about 0.5-2.5 mV. Moreover, the amplitude 



of successively evoked end-plate potentials varies r 
domly from one stimulus to the next, and often nt. 
spouses can be detected at all (termed //jfJures). HowC 
the minimiun response above zero — the unit syna 
potential in response to a presynaptic potential! 
identical in size (about 0.5 mV) and shape to the spon 
neous miniature end-plate potentials. All end-pi|| 
potentials larger tiian the quantal synaptic potential; 
integral multiples of the imit potential (Figure 14-6)^ 
Del Castillo and Katz could now ask: How doe|. 
rise of intracellular Ca^"*" that accompanies each a , 
potential affect the release of transmitter? They 
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||4 Calculating the Probability of "Iransmitter Release 



^^ease of a quantum of transmitter is a random event. 
Ile.of eadi quantum of transmitter in response to an ac- 
■^'tential has only two possible outcomes— a quantum is 
fejt released. This event resembles a binomial or 
jufli trial (similar to tossing a coin in the air to detennine 
^er it comes up heads or tails). The probability of a quan- 
^iSng released by an action potential is independent of 
r03ability of other quanta being released by that action 
% Therefore, for a population of releasable quanta, 
■ ' n potential represents a series of independent bino- 
_ i (comparable to tossing a handful of coins to see 
^any coins come up heads), 

"^\a binomial distribution p stands for the average proba- 
|of success (ie, the probability that any given quantum 
p:rEleased) and (or 1 - p) stands for the mean probabil- 
BSilure. Both the average probabiHty (p) that an individ- 
-uantmn will be released and the store (n) of readily le- 
Jje quanta are assumed to be constant (Any reduction in 
tore is assumed to be quickly replenished after each stim- 
JThe product of n and p yields an estimate, m, of the 
V^number of quanta that are released to make up the end- 
^^|dtenlial. This mean is called the quanta! content or quan- 

^eolation of the probability of transmitter release can be 
-^ted with the foUowing example. Let us consider a ter- 
^ :that has a releasable store of five quanta Oj = 5). If we as- 
^|hat p = 0.1, then^ (the probability that an individual 
is not released tarn the tcnninals) is 1 - p, or 0,9. We 
determme the probability that a stimulus wiH release 
Vanta (failure), a single qiianhmi, two quanta, three 
^ or any number of quanta (up to n). The probability 
..:one of the five available quanta will be released by a 
^^^^fenulus is the product of the individual prababiKties 
?ach quantum will not be released: f = (0.9)^ or 0,59. We 
^ thus expect to see 59 failures in a hundred stimuli The 
.^.mties of observing zero, one, two, three, fbur, or five 
^fa are represented by the successive tenns of the binomial 
irision: 

& (7 + p)5 =. (f {failures) + 5 q'^pil quanhmi) 

+ 10 c^p\2 quanta) + 10 (^j^i3 quanta) 
+ 5 7p^{4 quanta) + p^(5 quanta). 



Thus, in 100 stimuli tlie binomial expansion would pre- 
dict 33 unit responses, 7 double responses, 1 triple response, 
and 0 quadruple and qumtuple responses. 

Values for m vary, from about 100-300 at the vertebrate 
nerve-musde synapse, the squid giant synapse, and Aphjsia 
central synapses, to as few as 1-4 in the synapses of the sym- 
pathetic gangUon and spinal cord of vertebrates. The probabil- 
ity of release p also varies, ranging from as high as 0.7 at the 
neuromuscular junction in the frog and 0.9 in the crab doxvn to 
around 0.1 at some central synapses. Estimates for n range 
from 1000 (at the vertebrate nerve-muscle synapse) to 1 (at sin- 
gle terminals of central neurons). 

The parameters n and p are statistical terms; the physical 
processes represented by them are notyet known. Although the 
parameter n is assumed to refer to the number of readily re- 
leasable (or available) quanta of transmitter, it may actually 
represent the number of release sites or active zones in the presy- 
naptic terminals that are loaded with vesicles. Although the 
number of release sites is thought to be fixed, the fraction that is 
loaded with vesicles is thought to be variable The parameter p 
probably represents a compound probabiHty depending on at 
least two processes: the probability that a veside has been 
loaded or docked onto a release site (a process referred to as 
veside mobilization) and the probability that an action poten- 
tial wiU discharge a quantum of transmitter from a docked ac- 
tive zone. The parameter p is thought to depend on the pre- 
synaptic Ca^"*" influx during an action potential 

The quantal size {a) is the response of the postsynaptic 
membrane to a single quantum of transmitter, Quantal size de- 
pends laigdy on the properties of the postsynaptic ceU, such 
as the input resistance and capadtance (which can be indepen- 
dently estimated) and the sensitivity of the postsynaptic mem- 
brane to the transmitter substance. This can also be measured 
by tixe postsynaptic membrane's response to the appHcation of 
a constant amount of transmitter. 



gieri the external Ca^**- concentration is increased, 
^pUtude of the unit synaptic potential does not 
ge. However, the number of jfeHures decreases and 
^CiM °^^gher-ainplitude responses (composed 
^"^tal i^te) increases. These observations 
Qt ff^*^ ^*^^^ons in external Ca^**" concentration 
^^affect the size of a quantum of transmitter (the 
" °^ ACli molecules) but ratlier ^ect the average 



number of quanta that are released in response to a 
presynaptic action potential (Box 14-1). The greater the 
Ca^"^ influx into the terminal, the larger the number of 
quanta released. 

The findings that the amplitude of the end-plate po- 
tential varies in a stepwise manner at low levels of ACh 
release, that the amplitude of each step increase is an in- 
tegral multiple of the unit potential, and that the unit 
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potential has the same mean amplitude as that of the 
spontaneous miniature end-plate potentials led del 
Castillo and Katz to conclude that transmitter is re- 
leased in fixed packets or quanta. When the external 
Ca^**" concentration is normal, an action potential in the 
. presynaptic terminal releases about 150 quanta, each 
about 0.5 mV in amplitude, resulting in a large end- 
plate potential. In the absence of an action potential, the 
rate of quantal release is very low — only one quantum 
per second is released spontaneously at the end-plate. 
The rate of quantal release increases 100,000-fold when 
Ca^"^ enters the presynaptic terminal with an action po- 
tential, bringing about the synchronous release of about 
150 quanta in one or two milliseconds. 



Transmitter Is Stored and Released 
by Synaptic Vesicles 

What morphological features of the cell might account 
for the quantum of transmitter? The physiological ob- 
servations indicating that transmitter is released in fixed 
quanta coincided with the discovery, through electron 
microscopy of accumiilations of small vesicles in the 
presynaptic tenninal. The electron micrographs sug- 
gested to del Castillo and Katz that the vesicles were or- 
ganelles for the storage of transmitter. They also argued 
that each veside stored one quantum of transmitter 
(amounting to several thousand molecules) and that 
each veside releases its entire contents into the synaptic 
deft when the veside fuses with the inner surface of the 
presynaptic terminal at specific release sites. 

At these sites, the active zoiies, a band of synaptic 
vesides duster above a fuzzy dectron-dense material 
attached to the internal face of the presynaptic mem- 
brane, directiy above the junctional folds in the musde 
(see Figure 11-1). As we saw in Chapter 11, the neuro- 
muscular junction in frogs contains about 300 aictive 
zones with a total of about 10^ vesides. Here, and at cen- 
tral S5aiapses, the vesides are typically dear, small, and 
ovoid, with a diameter of about 50 nm. 

Neuropeptides and certain transmitters rdeased 
from neuroendocrine cells are packaged in larger vesi- 
des that contain an electron-dense material. These large 
dense-core vesides are not localized at active zones. 
They can be rdeased from anywhere within a neuron, 
induding the cell body Rdease of transmitter from 
large dense-core vesides is assodated with slow modu- 
latory synaptic actions (see Chapter 13). 

Quantal transmission has been demonstrated at all 
chemical synapses so far examined, with one exception, 
in the retina, which we shaD examine in Chapter 26. At 
most synapses in the central nervous system each action 



potential rdeases only between 1 and 10 quanta, marj^ 
fewer than the 150 quanta rdeased at the nerve-musd 
synapse. Whereas the surface area of a pres)nnaptic ni 
tor terminal ending on a musde fiber is large (abo^ 
2000-6000 (xm^) and contains about 300 active zonesf 
typical exdtatory afferent fiber from a dorsal root 
glion cell forms only about four synapses on a n 
neuron, each of which is about 2 fjim^ and contains o 
one active zone. 

Quantal analysis of transmitter rdease from 
afferent neurons indicates that rdease from each ; 
zone is all-or-none. That is, any given active zonef 
leases dther one quantum or none at all in response 
presynaptic action potential. The probability of rde 
depends on the amoimt of Ca^"^ influx during the 
potential. Similar results have been obtained for qt 
central synapses. Thus, variations in the response;' 
central neiuron to a single presynaptic neuron 
from the all-or-none release of one quantum from e 
of a few terminals, each usually with only one a 
zone. 

Not all chemical signaling between neurons| 
pends on vesicular storage and rdease. Some membi 
permeable substances, such as prostaglandins,^! 
metabolites of arachidonic add, and the gases C0| 
NO (see Chapter 13), can traverse the lipid bHayer oj 
membrane by diffusion. These substances msy ial 
synapses dtlier as chemical messengers or as retro' 
signals that diffuse from the postsynaptic neuroiv 
to the presynaptic neuron to regulate transmitt* 
lease. Other substances can be moved out of nerv^^ 
ings by carrier proteins if their intracelltilar conc|Q 
tion is suffidently high. In certain retinal glials 
transporters for glutamate or GABA that normal! 
up transmitter into a cell from the extracellular; 
can reverse direction and rdease transmitter 
extracellular space. Still other substances sim 
out of nerve terminals at a low rate. For example^ 
90% of the ACh that leaves the presynaptic t 
at the neuromuscular junction can be traced to 
ous leakage. However, because this leakage is 
fuse and not targeted to receptors at the end-p 
gion, and because it is continuous and low level 
flaan s3mchronous and concentrated, it is : 
functionally. 

Synaptic Vesides Discharge Transmitter 
by Exocytosis 

Direct evidence that exocytosis of a single synap, 
de is responsible for the release of one qua^^ 
transmitter was at first difficult to obtain, beG| 
diance of finding a veside in the act of being di-;.;^. 



^4^2 Freeze-Fractuxe Technique 



^^ii 7A Freeze-fracture exposes 
^Membranous area to view. The 
^riiembrane cleavage is along the 
ghdtiic interior of the lipid bilayef; 
tmo'ln two complementary fracture 
P face (corresponding to the 
Jlsmic-facing leaflet of the bilayer) 
Ite'rhost of the integral membrane 
i'(particies). because these are 
Ibd to cytoskeletal stmctures. The 
^^sorresponding to the extraceilu- 
-cifi^'leaflet of the bilayer) shows 
Irriplementary to the integral pro- 
^Irticles. (Adapted from Fawcett 
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'i^rtuie reveals the structural details of synaptic mem- 
M this tedmique frozen tissue is broken open under a 
%ima and coated with platinum and carbon. Frozen 
|iie tends to break at the weakest plane, which is be- 
W two molecular layers of Upids. Two complementary 
& membrane are thus exposed: The leaflet nearest the 
iii (tixe interior half) is the protoplasmic (P) face, while 
4t that borders the extraceUular space is the external 
^fRgure 14-7A). 



Freeze-frachire exposes a large expanse of thepresynaphc 
intramembranous area (Figure 14-7B). Deformations of the 
membrane that occur at the active zone, ^^ere v^d^^ 
attached, are readily apparent The advantage of flie 
fracture technique is best appreciated by comparing a ftme^ 
ftacture electron micrograph with a conventional 
electron micrograph of the active zone (see Figure 14-8). 
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is extremely small. A thin section through a convention- 
ally fixed terminal at the neixromuscular junction of the 
frog shows only 1/4000 of the total presynaptic mem- 
brane. Moreover, the exocytotic opening of each small 
vesicle is of the same dimension as the thickness of the 
ultrathin (50-100 nm) sections required for transmission 
electron microscopy. To overcome such problems, 
freeze-fracture techniques began to be applied to the 
synapse in the 1970s (Box 14-2). 

Using these techniques, Thomas Reese and John 
Heuser made three important observations. First, they 
found one or two rows of unusually large intramembra- 
• nous particles along the presynaptic density, on both 
margins (Figure 14-8A). Although the function of these 
particles is not yet known, they are thought to be 
voltage-gated Ca^"** channels. Their density (about 1500 
per ^im^) is approximately that of the voltage-gated Ca^**" 
channels essential for transmitter release. Moreover, the 
proximity of the particles to the release site is consistent 
with the short time interval between the onset of the 
Ca^"^ current and the release of transmitter. Second, they 
noted the appearance of deformations alongside the 
rows of intramembranous particles during synaptic ac- 
tivity (Figure 14-8B). They interpreted these deforma- 
tions as representing invaginations of the cell membrane 
during exocytosis. Hnally, Reese and Heuser fouind that 
these deformations do not persist after the transmitter 
has been released; they seem to be transient distortions 
that occur only when vesicles are discharged. 

To catdi vesides in the act of exocytosis, Heuser, 
Reese, and their colleagues had to quidc-fireeze the tissue 
with liquid heHum at precisely defined intervals after 
the presynaptic nerve had been stimulated. The neuro- 
muscular jimction can thvis be frozen just as the action 
potential invades the terminal and exocytosis occurs. In 
addition, they appHed the drug 4-aminopyridine — 
a compound that blocks certain voltage-gated K**" chan- 
nels — to broaden the action potential and increase the 
ntunber of quanta of transmitter discharged with each 
nerve impulse. These techniques provided dear images 
of synaptic vesides during exocytosis. 

The dectron micrographs revealed a ntunber of 
omega-shaped (fl) structures that correspond to vesides 
that have just fused with the membrane. Varying the 
concentration of 4-aminopyridine altered the amoimt of 
transmitter rdease Moreover, there was an increase in 
the number of fl-shaped structures that was directly 
corrdated with the size of the postsynaptic response. 
These morphological studies therefore provide inde- 
pendent evidence that transmitter is released by exocy- 
tosis from synaptic vesides. 

The fusion of the synaptic vesides with the plasma 
membrane during exocytosis increases the surface area 



of the plasma membrane. In certain favorable cell ^ 
this increase in area can be detected in electrical 
siuBments as increases in membrane capadtance, 
viding further support for exocytosis. As we sav^il 
Chapter 8, the capadtance of the membrane is -pro^ 
tional to its surface area. In adrenal chromaffin J| 
(which rdease epinephrine) and in mast cells of the? 
peritoneum (which rdease histamine), individual 1^^ 
denise-core vesides are large enough to permit mea^- 
ment of the increase in capadtance assodated witlt^ 
sion of a single veside. Release of transmitter in th| 
cells is accompanied by stepwise increases in cap|^ 
tance, which in turn are followed somewhat laterl^'* 
stepwise decreases in capadtance, which presum^lj 
reflect the retrieval and recycling of the excess me^" 
brane (Figure 14-9B). Capadtance increases can bei 
tected at fast synapses after a rise in Ca^"*" due to the^ 
sion of a large nxmiber of small synaptic vesides (Eg 
14-9C). However, the increase in capadtance assoda 
with the fusion of a single small synaptic veside is 'S 
small to resolve. 



Exocytosis Involves the Formation of a Fusion Por^| 

Exactly how fusion of tiie synaptic veside memb: 
with the plasma membrane occurs and the role that Ci? 
pla3rs in catalyzing this reaction is under intensive stiid^ 
Morphological studies from mast cells using rapid 
ing suggested that exocytosis depends on the tempor^, 
formation of a fusion pore that spans the membranes|| 
the veside and plasma membrane. Subsequent studi|s| 
of capadtance increases in mast cells showed that pnm 
to complete fusion a channd-like fusion pore could!^^ 
deteded in the dectrophysiological recordings (Fig^^ 
14-10). This fusion pore starts out with a single-chann^ 
conductance of around 200 pS, similar to that of gap 
jimction channels, which also bridge two membrari^ i 
Ehiring exocytosis the pore rapidly dilates, probal?^ " 
from around 1 run to 50 nm, and tiie conductance :i]g 
creases dramatically (Figure 14-lOA). In some instanf|| 
the fusion pore flickers open and dosed several tinjS 
prior to complete fusion (Figure 14-lOB). 

Since transmitter rdease is so fast, fusion must 
cur witiiin a fraction of a millisecond. Therefore/ 
proteins that fuse synaptic vesides to the plasma J^^^^ 
brane are most likely preassembled into a fusion P?]^ 
that bridges the veside and plasma membranes tfew;^^g 
fusion occurs. Mudi like the gap-junction channels^ 



leamed about in Chapter 10, the fusion pore may cons^ 



M 



of two hemichannels, one each in the veside meml 
and the plasma membrane, which then join in 
course of veside docking (Figure 14-1 OC). Caldum ; 
flux would then simply cause the preexisting pore'^S 
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gu^e 14-8 The events of exocytosls at the presynaptic ter- 
fiatiare revealed by electron microscopy. The images on 
' are freeze-fracture electron micrographs of the cyto- 
c half (P face) of the presynaptic membrane {compare 
..^6 :14-71. Thin-section electron micrographs of the pre- 
iptic membrane are shown on the right. (Adapted from Al- 
"letaLigsB.) 

|3ral!el rows of intramembranous particles arrayed on either 
ISlan active zone may be the voltage-gated Ca^**" channels 
Initial for transmitter release. 

ynaptic vesicles begin fusing with the plasma membrane 
ms after the stimulus. Fusion is complete within an- 
%nis. Each opening in the plasma membrane represents 



the fusion of one synaptic vesicle. In thin-section electron nni- 
crographs, vesicle fusion events are observed in cross section 
as n-shaped stmctures. 

C. Membrane retrieval becomes apparent as coated pits form 
within about 1 0 s after fusion of the vesicles with the pre- 
synaptic membrane. After another 10 s the coated pits begin to 
pinch off by endocytosis to form coated vesicles. These vesi- 
cles include the original membrane proteins of the synaptic 
vesicle and also contain molecules captured from the ejctemal 
medium. The vesicles are recycled at the tenninals or are trans- 
ported to ihe cell body, where the membrane constituents are 
degraded or recycled (see Chapter 4). 
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A Mast cell before and after exocytosis 




B Membrane capacitance during and after exocytosis of mast cell vesicles 
Membrane capacitance 
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C Calcium-dependent exocytosis of synaptic vesicles 
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Rgure 14-9 Capacitance measurements allow direct study 
of exocytosis and endocytosis. 

A. Exocytosis from mast cells. Electron micrographs- of a mast 
cell before (top) and after (bottom) inducing exocytosis. Mast 
cells are secretory celjs of the immune system that contain 
large denseK:ore vesicles filled with the transmitter histamine. 
Exocytosis of mast call secretory vesicles is normally triggered 
by the binding of antigen complexed to an immunoglobulin 
(IgE). Under experimental conditions massive exocytosis can 
be triggered by the inclusion of a nonhydrolyzable analog of 
GTP in an intracellular recording electrode. (From Lawson et al 
1977.) 

B. Stepwise increases in capacitance reflect the successive fu- 
sion of individual secretory vesicles with the cell membrane. 
The step Increases are unequal because of a variability in the 
diameter (and thus membrane area) of the vesicles. After exo- 
cytosis the membrane added through fusion is retrieved 
through endocytosis. Endocytosis of individual vesicles gives 
rise to the stepwise decreases in membrane capacitance. In 

open and then dilate, allowing the release of transmitter. 

Recent advances in chemical detection suggest that 
transmitter may be released through the fusion pore it- 
self, prior to full dilation and vesid? fusion (Figure 
14-100. An electrochemical method termed voUainetiy 
permits the detection of certain amine-containing trans- 
mitters; such as serotonin, using an extracellular 




I 1 

20 ms 



this way the cell maintains a constant size. (The units are in >|l 
femtofarads, fF. where 1 fF = 0.1 ^m^ of membrane area.) 'I 
(Adapted from Fernandez et al. 1 984.) [ M 

C. Exocytosis and membrane retrieval from a neuronal pres/^S, 
naptic terminal. Recordings were obtained from isolated syna^ 
tic terminals of bipolar neurons in the retina of the goldfish. ^ 
Transmitter release was triggered by a depolarizing voltage- --ll^ 
clamp step (applied at arrow), which elicited a large sustainedl|| 
Ca current (inset). The Ca^"^ Influx causes a transient rise 
the cytoplasmic Ca^*** concentration (bottom trace). This re- 
suits in the exocytosis of several thousand small synaptic vas|| 
cles, leading to an increase in total capacitance (top trace). Wf 
increments in capacitance due to fusion of a single small ' f 
synaptic vesicle are too small to resolve. As the internal Ca^*^ 
concentration falls back to its resting level upon repolarization,! 
the extra membrane area is rapidly retrieved and capacitance^ 
returns to its baseline value. (Adapted from von Gersdorff andi 
Matthews 1994.) 



carbon-fiber electrode (Figure 14-11). A large voltagel| 
applied to the electrode, which leads to the oxidatioa^o ' 
the released transmitter. This oxidation reaction relea^ 
free electrons, which can be detected as a transient ele^ 
trical cmrent that is proportional to the amount of trar|, 
mitter released. In response to action potentials la 
transient increases in transmitter release are observ: 
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1 14-10 Transmitter is released from synaptic vesicles 
)'a^ the opening of a fusion pore that connects a secre- 
Juiesicle with the presynaptic membrane, 
'iiavclamp recording setup for recording curent through 
-ion pore. As a vesicle fuses with the plasma membrane, 
#acitance of the vesicle (Cg) is initially connected to the 
rtance of the rest of the cell [CJ through the high resis- 
D^ihJ of the fusion pore. (From Monck and Fernandez 

t 

eiitrical events associated with the opening of the fusion 
|Since the membrane potential of the vesicle (lumenal 
Hipgative) is normally much more negative than the mem- 
?|otentjal of the cell, there will be a transient flow of 
'liMcurrentl from the vesicle to the cell membrane associ- 
fusion. This generates a transient cun-ent (/) associ- 
the increase in membrane capacitance (CJ.The mag- 
Jof the conductance of the fusion pore (g^) can be 



calculated from the time constant of the transient current ac- 
cording to T = C/p = Cg/Qp- The fusion pore diameter can be 
calculated from the fusion pore conductance, assuming that 
the pore spans two lipid bilayers and is filled with a solution 
whose resistivity is equal to that of the cytoplasm. The fusion 
pore shows an initial conductance of around 200 pS. similar to 
the conductance of a gap-junction channel, corresponding to a 
pore diameter of around 2 nm. The conductance rapidly in- 
creases within a few milliseconds as the pore dilates to around 
7-8 nm (dotted line). (From Spnice etal. 1990.) 
. C. Steps in exocytosis through a fusion pore. 1. A docked vesi- 
cle contains a preassembled fusion pore ready to open. 
2. During the initial stages of exocytosis the fusion pore rapidly 
opens, allowing transmitter to leak out of the vesicle. 3. in 
most cases the fusion pore rapidly dilates as the vesicle under- 
goes complete fusion with the plasma membrane. 



ponding to the exocytosis of the contents of a 
|;large dense-core vesicle. Often, these large tran- 
^|icreases are preceded by a smaller longer-lasting 
corresponding to a period of release at a 
^^e (Figure 14-llC). Such events are thought to 
leakage of transmitter through the fusion 
#rior to complete exocytotic fusion. A good 
||; fast transmitter release may involve release 
"^'i fusion pores without the requirement for com- 
mon. 



Synaptic Vesicles Are Recycled 

If there were no process to compensate for the fusion of 
successive vesides to the plasma membrane during cori- 
tinued nerve activity the membrane of a synaptic tenni- 
nal would enlarge and the number of synaptic vesides 
would decline. Tliis does not occur, however, because 
the veside membrane added to the terminal membrane 
is retrieved rapidly and recyded, generating new 
synaptic vesides (Figure 14-12). 
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Hgure 14-11 Transmitter release through the fusion pore 
can be measured using electrochemical detection methods. 
A. Setup for recording transmitter release by voitametry. A cell 
is voltage-clamped with an intracellular patch electrode while 
an extracellular carbon fiber is pressed against the cell surface. 
A large vohage applied to the tip of the electrode oxidizes cer- 
tain amine-containing transmitters (such as serotonin or norepi- 
nephrine). This oxidation reaction generates one or more free 
electrons, which results in an electrical cun-ent that can be 
recorded through an amplifier (AJ connected to the carbon 
electrode. The current is proportional to the amount of trans- 
mitter release. Membrane current and capacitance are 
recorded through the intracellular patch elecUode amplifier 
(Ai). 

B. Recordings of transmitter release and capacitance measure- 
ments from mast cell secretory vesicles indicate that the fusion 
pore may "flicker" (open and close several times) prior to com- 
plete membrane fusion. During these brief openings transmit- 
ter can diffuse out through the pore, producing a "foot" of low- 
level release that precedes a large spike of transmitter release 




upon a full fusion event. Sometimes the reversible fusion por^ 
opening and closing is not followed by full fusion, resultingjv 
"stand alone flicker" in which transmitter is released only by- 
diffusion through the fusion pore. (From Neher 1 993.) • :| 
C-D. Similar patterns of release of the transmitter serotonln| 
observed f npm Retzius neurons of the leech. The electron p 
crograph shows that these neurons package serotonin in 
large. densMore vesicles and small, clear synaptic ves'^ s^^ 
(arrow). Amperometry measurements show that Ca eiev^^ 
tion triggers both large spikes of serotoniri [please (top tra?^^ 
and smaller release events (bottom trace) (note the 
in current scales). These correspond to fusion of the f^m^ 
dense-core vesicles and synaptic vesicles, respectively, m . 
synaptic vesicles release their contents rapidly, in less » 
1 ms. This rapid time course is consistent with the expec^. 
rate of diffusion of transmitter through a fusion pore 
Each large vesicle contains around 15,000-300.000 molecw 
of serotonin. Each small vesicle contains approximately ^ 
molecules of serotonin. (From Bruns and Jahn 1 995.) 
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yre 14-12 The cycling of synaptic vesicles at nerve ter- 
gals involves several distinct steps, 

^ vesicles naust be targeted to the active zone (1) and 
t^k at the active zone (2). Hie docked vesicles must be- 
a'primed so that they can undergo exocytosis (3). In re- 
J3|e to a rise in Ca^"^ the vesicles undergo fusion and re- 
Itheir contents (4). The fused vesicle membrane is taken 
'Ulterior of the cell by endocytosis (5). The endocy- 
^j^^esicles then fuse with the endosome, an intemal mem- 

jompartment After processing, new synaptic vesicles 
d;Qff the endosome, completing the recycling process. 

|trieyal of vesicles after exocytosis is thought to occur via 
^^Sjstinct mechanisms. In the first classical pathway ex- 
f^enibrane is retrieved by means of clathrin-coated pits. 
^|.coated pits concentrate certain intramembranous parti- 



cles into small packages. The pits are found throughout the ter- 
minal except at the active zones. As the plasma membrane en- 
larges during exocytosis, more membrane invaginations are 
coated on the cytoplasmic surface. (The path of the coated pits 
is shown by arrovvs after step 5.) This pathway may be impor- 
tant at normal to high rates of release. In the kfss-and-run 
pathway the vesicle does not completely integrate itself into 
the plasma membrane. This corresponds to release through 
the fusion pore. This pathway may predominate at lower to 
normal release rates. In the bulk endocytosis pathway excess 
nriembrane reenters the terminal by budding from uncoated 
pits. These uncoated cisternae are formed primarily at the ac- 
tive zones. This pathway may be reserved for retrieval after 
very high rates of release and may not be used during the usual 
functioning of the synapse. (Adapted from Schweizer et a!. 
1995.) 




#though the number of vesides in a nerve terminal 
^|<iecrease transiently during release, the total 
membrane in vesicles, dstemae, and plasma 
remaim constant, indicating that membrane 
.j^^ved from the surface membrane into the intemal 
^^es. How the synaptic vesicles are recycled has 
ptbeen resolved, but the process is known to in- 
'4f^athTin-coating of the veside and the protein dy- 
^^p^pter 4 and below) and is thought to be siiru- 
^known mechanisms in epithelial cells (Figure 
^fe^^^^ording to diis view, the; excess membrane 
,Rir«— _. yggjjjgg j^gyg undergone exocytosis 



is recyded through endocytosis into an intracellular or- 
ganeUe called the endosome. Endocytosis and recycling 
takes about 30 seconds to one minute to be completed. 

More rapid components of membrane recovery 
have been detected widi capadtance measurements. Im- 
portantly, the rate of membrane recovery appears to de- 
pend on the extent of stimulation and exocytosis. With 
relatively weak stimuli that release only a few vesides, 
membrane retrieval is rapid and occurs within a few 
seconds (for example, see Figure 14^95). Stronger stim- 
uli that rdease more vesides lead to a slowing of mem- 
brane recovery The fastest form of veside cycling in- 
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volves the release of transmitter through the transient 
opening and dosing of the fusion pore without full 
membrane fusion. The advantage of such "kiss-and- 
run" release is that it rapidly recycles the vesicle for sub- 
sequent release because it requires only closure of the 
fusion pore, Thus^ different types of retrieval processes 
may operate under different conditions (Figure 14r-12). 



A Variety of Proteins Are Involved 
in the Vesicular Release of Transmitter 

What is the nature of the molecular machinery that 
drives vesides to duster near synapses, to dock at active 
zones^ to fuse with the membrane in response to Ca^*** 
influx, and then to recyde? Proteins have been identi- 
fied that are thought to (1) restrain the vesides so as to 
prevent their acddental mobilization, (2) target the 
freed vesides to the active zone, (3) dock the targeted 
vesides at the active zone and prime them for fusion, (4) 
allow fusion and exocytosis, and (5) retrieve the fused 
membrane by endocytosis (Figure 14-13). 

We first consider proteins involved in restraint and 
mobilization. The vesides outside the active zone repre- 
sent a reserve pool of transmitter. They do not move 
about freely in the terminal but rather are restrained or 
anchored to a network of cytoskeletal filaments by the 
synapsins, a family of four proteins (la, lb, Ila, and lib). 
Of these four, synapsins la and lb are the best studied. 
These two proteins are substrates for both the cAMP- 
dependent protein kinase and the Ca^Vcalmodulin- 
dependent kinase. When synapsin I is not phosphory- 
lated, it is thought to immobilize synaptic vesides by 
linking them to actin filaments and other components of 
the cytoskdeton. When the nerve terminal is depolar- 
ized and Ca^**" enters, synapsin I is thought to become 
phosphoiylated by the Ca^V calmodulin-dependent 
protein kinase. Phosphorylation frees the vesides from 
the cytoskdetal constraint, allowing them to move into 
the active zone (Figure 14-14). 

The targeting of synaptic vesides to doddng sites 
for rdease may be carried out by Rab3 A and RabSC, two 
members of a dass of small proteins, rdated to the ras 
proto-oncogene superfanuly, that bind GTP and hy- 
drolyze it to GDP and inorganic phosphate (Figure 
14^14B). These Rab proteins bind to synaptic vesides 
through a hydrophobic hydrocarbon group tliat is cova- 
lenfly attached to the carboxy terminus of the Rab pro- 
tein. Hydrolysis of the GTP bound to Rab, converting it 
to GDP, may be important for tlie effident targeting of 
synaptic vesides to their appropriate sites of docking. 
During exocytosis the Rab proteins are rdeased from 
the synaptic vesides into the cytoplasm. 



Following the targeting of a veside to its rdease si 
a complex set of interactions occurs between proteins 
the s)maptic veside membrane and proteins in the 
presynaptic membrane. Such interactions are thought, 
complete the docking of vesides and to prime them M 
they are ready to imdergo fusion in response to Ca^**" ^ 
flux. Similar interactions are important for exocytosis i 
all cells, not only in the synaptic terminals of neurons;! 

As we have seen in Chapter 4, all secretory pro 
are synthesized on ribosomes and injected into the 
men of the endoplasmic reticulum (ER). When th 
proteii\s leave the ER they are targeted to the Golgi ai 
paratus in vesides formed from the membrane of 
ER. The vesides then dock and fuse Mdth the Gi 
membrane, discharging their protein into the Imnen^ 
die Golgi, where the protein is modified. Other vesid^ 
shuttle the secretory protein between the cis and 
trans compartments (the different dstemae) of the G 
apparatus until the protein becomes fully modified 
mature. The mature protein is packaged in vesides 
bud off the Golgi and migrate to the cell surface, whi 
the protein is rdeased through exocytosis. This type^ 
rdease is constthttive (that is the rdease is continui 
and occurs independently of Ca^"*") in contrast to rej 
lated rdease, which occurs at syiiapses in respons^ 
Ca^"^ entry into the presynaptic terminal. 

One prominent hypothesis for how membrane 
des are docked and readied for exocytosis has beenj^ 
posed by James Rothman, Richard Sdieller, and 
hard Jahn. According to this theory, specific in 
proteins in the veside membrane (veside-SNAR^J 
v-SNARES) bind to specific receptor proteins in th|11 
get membrane (target membrane or t-SNARE) (Fig 
14-15). In the brain two t-SNARES have been idendOBi 
sijntaxin, a nerve terminal integral membrane pro] 
and SNAP-25, a peripheral membrane protein of 25j 
mass. In the synaptic veside the integral membran^,! 
tein VAMP (or synaptobrevin) has been identified a|i 
v-SNARE. 

The importance of the SNARE proteins in syr 
transmission is emphasized by the finding that all; 
proteins are targets of various dostridial neuroto^ 
AQ of these toxins act by inhibiting synaptic " 
sion. One such toxin, tetanus toxin, a zinc endoprb| 
specifically deaves VAMR Three other zinc endo] 
teases, botuliniun toxins A, B, and C, specifically 
SNAP-25, VAMP, and syntaxin, respectivdy VAT^ 
the addition^ feature that it resembles a viral 
peptide. 

Reconstitution studies of purified proteins i 
vesides indicate that VAMP, syntaxin, and 
may form the minimal functional unit that ^^^^ 
membrane fusion. Moreover a detailed structural 
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p 14-13 This diagram depicts characterized synaptic 
Jje proteins and some of their postulated receptors and 
otions. Separate compartments are assumed for (1) storage 
% vesicles are tethered to the cytoskeleton), {2) trafficking 
" irpeting of vesicles to active zories. (3) the docking of 
^ at active zones and their priming for release, and (4) re- 
^5ome of these proteins represent the targets for neuro- 
jihat act by modifying transmitter release. VAMP (synap- 
in), SNAP-25, and syntaxtn are the targets for tetanus 
Uilinum toxins, two zinc-dependent metalloproteases, 
HB cleaved by these enzymes, a-Latrotoxin, a spider toxin 
ip.nerates massive vesicle depletion and transmitter re- 
k®:*^*^^ to the neurexins. 1. Synapsins are vesicle-associated 
that are thought to mediate interactions between the 
p vesicle and the cytoskeletal elements of the nerve ter- 



minal. 2. The Rab proteins {see Rgure 14-14B) appear to be in- 
volved in vesicle trafficking within the cell and also In targeting 
of vesicles v^nthin the nerve temninal. 3. The docking, fusion, 
and release of vesicles appears to involve distinct interactions 
between vesicle proteins and proteins of the nerve terminal 
plasma membrane: VAMP (synaptobrevin) and synaptotagmin 
(p65) on the vesicle membrane, and syntaxins and neurexins • 
on the nerve terminal membrane. Arrows indicate potential in- 
teractions suggested on the basis of in vitro studies. 4. The 
identity of the vesicle and plasma membrane proteins that 
comprise the fusion pore remains unclear. Synaptophysin. an 
integral membrane protein in synaptic vesicles, is phosphory- 
lated by tyrosine kinases and may regulate release. Vesicle 
transporters are involved in accumulation of neurotransmitter 
within the synaptic vesicle (see Chapter 15). 



-y|en proposed for how these proteins interact to 
membrane fusion (Figure 14-15B). 
ternary complex of VAMP, S3mtaxin, and 
is extraordinarily stable. For efficient vesicle 
p*g to occur this complex must be disassembled 
r^vbinding of two soluble cytoplasmic proteins: 
l^thylmaleiinide-sensitive fusion (NSF) protein 



and the soluble NSF attachment protein (SNAP— this 
protein is imrelated to SNAP-25; the sinrular names are 
coincidental). The v-SNARES and t-SNARES serve as 
receptors for SNAP (hence their name SNAP receptors), 
which then binds NSE The NSF is an ATPase, utilizing 
the energy released upon hydrolysis of ATP to unravel 
the SNARE assembly 
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Figure 14-14 The mobilization, docking, 
and function of synaptic vesicles are 
controlled by Ca^* and low-molecular- 
weight GTP-binding proteins. 

A. Synaptic vesicles in nerve terminals are 
sequestered in a storage compartment 
where they are tethered to the cytoskele- 
ton. as well as in a releasable compart- 
ment where they are docked to the pre- 
synaptic membrane, Entr/ of Ca^"*" into the 
nen/B terminal leads to the opening of the 
fusion pore complex and neurotransmitter 
celease. Calcium entry also frees vesicles 
from the storage compartment through 
phosphorylation of synapsins, thus increas- 
ing the availability of vesicles for docking at 
the presynaptic plasma membrane. 

B. The Rab3A cycle targets vesicles to 
their release sites, Rab3A complexed to 
GTP binds to synaptic vesicles. During the 
targeting of synaptic vesicles to the active 
zone, Rab3A hydrolyzes its bound GTP to 
GDR GTP hydrolysis may serve to make a 
reversible reaction irreversible, preventing 
vesicles from leaving the active zone once 
they amve. During fusion and exocytosis, 
Rab3A-GDP dissociates from the vesicle. 
There is then an exchange of GTP for GDR 
This is followed by the association of 
Rab3A-GTP with a new synaptic vesicle, 
thus completing the cycle. 



Calcium control of vesicle fusion and mobilization 




B Rab3A control of vesicle fusion 




One additional integral membrane protetti of the 
synaptic veside, thought to be important for exoc3rtosis^ 
is synaptotagmin (or p65). Synaptotagmin contains two 
domains (the C2 domains) homologous to the regula- 
tory region of protein kinase C« The C2 domains bind to 
phospholipids in a caldum-dependent manner. This 
property suggests that synaptotagmin might icisert into 
the presynaptic phospholipid bilayer in response to 
Ca""** influx, thus serving as die caldum sensor for exo- 
cytosis (see Figure 14-12). Sjmaptotagmin may also 
function as a v-SNARE since it binds syntaxin and a 
SNAP isofonn. 

Several mutant animals that lack synaptotagmin 
have been aeated to test this protein's role in synaptic 
transmission. Based on these experiments two models 
have been proposed for the role of synaptotagmin. Ac- 
cording to one view sjmaptotagmin acts as a fusion 
clamp or negative regulator of release (preventing exo- 
cytosis in flae absence of Ca^"*"). In this view, the influx of 
Ca^"*" rapidly frees this damp, aUovdng synchronous re- 



GTPasB 



Fusion - 



lease. This hypothesis is attractive since the same 
chinery involved in synaptic veside fusion (the SNA^g 
SNARE complex) also functions in constitutive 
that is independent of external Ca^"^. This mod4^| 
based on results from experiments with Drosophila aft^ 
nematode mutants lacking synaptotagmin, which sho^ 
greatiy impaired synaptic transmission in response#J 
an action potential in the presynaptic terminal. Moig| 
over, in Drosophila the rate of spontaneous miniati^ 
end-plate potentials is increased, suggestmg that syna^ 
totagmin has an irJiibitory role. 

The second hypothesis is that synaptotagmin sen^| 
as a positive regulator of rdease, activdy proinotii|gf 
veside fusion. Tlus view is based on the observab^ 
that in mutant mice tliat lack a major isoform of syna| 
totagmin, fast synaptic transmission is blocked witho.^^ 
an increase in spontaneous rdease. Since there are s^' 
eral isoforms of synaptotagmin in manronals, but o^) 
one isofonn in invertebrates, it is possible that the 
ferent mammalian isoforms have different roles: Of»^^ 
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Rgure 14-15 The molecular machinery far fusion and ex- 
ocytosis. 

A. The SNARE hypothesis. Vesicfe and target membrane 
compartments have distinct receptors— the v-SNARES (blue) 
and the t-SNARES (red)— that mediate docking and fusion 
(steps 1-4}. Following fusion, two cytoplasmic proteins, NSF 
and SNAP, bind to the SNARE complex and disassemble it 
(steps 5 and 6). 

B. Model of the minimal fusion apparatus. At presynaptic ter- 
minals the v-SNARE VAMP (blue) binds to the two t-SNAREs: 
syntaxin (red) and SNAP-25 (green). The ternary complex 
consists of a coil of four a-helices, one each from VAMP and 
syntaxin and two from one molecule of SNAP-25. This coiled- 
coil structure is oriented parallel to the plane of the mem- 
brane, bringing the vesicle and target membranes In close ap- 
position and thus promoting fusion. The sites of cleavage by 
botulinum (BoNT) and tetanus toxin (TeNT) are Indicated. 



^r^te regulated fast release and another may 
||9pstihitive release, 

nnay also play an additional role in 
following exocytosis the fused membrane 
endocy tosis. ^cess membrane anywhere 
^^^Pt at the active zone leads to the for- 
*M^'P^* is coated with dathrin. The binding 
^hto the membrane is enhanced by certain 
.^1^^^^^* Synaptotagmin serves as a receptor 



for the dathrin adaptor protein AP-2. The dathrin coat 
forms a regular lattice around the pit, which finally 
pinches off as a small coated veside. The pinching off of 
the veside depends on a cytoplasmic GTPase called 
dynamin, wliich forms a constricting helical ring 
around the neck of the veside during endocytosis. A 
Drosophila mutant defective in dynamin is impaired in 
synaptic transmission owing to an inhibition of veside 
recycling. 
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Figure 14-16 Changes in membrane potential of the presy- 
naptic terminal affect the intracellular concentration of Ca^"^ 
and thus the amount of transmitter released. When the 
presynaptic membrane is at its normal resting potential, an ac- 
tion potential (top trace) produces a postsynaptic potential of a 
given siie (bottom). Hyperpoiarizing the presynaptic terminal 
by 1 0 mV prior to an action potential decreases the steady 
state Ca^"^ influx, so that the same-size action potential pro- 
duces a smaller postsynaptic potential. In contrast, depolarizing 
the presynaptic neuron by 10 mV increases the steady state 
Ca^^ influx, so that the same-size action potential produces a 
postsynaptic potential large enough to trigger an action poten- 
tial in the postsynaptic cell. 



The Amount of Transmitter Released Can 
Be Modulated by Regulating the Amotmt 
of Calciimi Influx During the Action Potential 

The effectiveness of chemical synapses can be modi- 
fied for both short and long periods. This modifiabil- 
ity, or synaptic plasticity, is controlled by two types of 
processes: (1) processes within the neunDn that result 
from changes in the resting potential or the firing of ac- 
tion potentials and (2) extrinsic processes, such as the 
synaptic input from other neurons. 

Long-term changes in chemical synaptic action are 
crudal to development and leanung, and we consider 
these changes in detail later in the book. Here we shall 
first discuss the short-term changes — changes in the 
amotmt of transmitter released due to either changes 
within the presynaptic terminal or extrinsic factors. 

Intrinsic CeUular Mechanisms Regulate 
the Concentration of Free Calcium 

As we saw at the beginning of this chapter, transmitter 
release depends sbrongly on the intmcellular Ca^"^ con- 



centration. Thus, mechanisms within the presynaph 
neuron that affect the concentration of free Ca^"*" in th^ 
presynaptic terminal also affect th^Tamoimt of transini|J 
ter released. In some cells there is a small steady influ| 
of Ca^"*" through the presynaptic terminal membraii|| 
even at the resting membrane potential. This Ca^"*" floW^ 
through the L-type voltage-gated Ca^"^ chaimels, whi^l 
inactivate littie, if at all. M 
The steady state Ca^**" influx.is enhanced by dep^ 
larization and decreased by hyperpolarization. A slig| 
depolarization of the membrane can increase the stead| 
state influx of Ca^'*' and thus enhance tlie amount g 
transmitter released by subsequent action potentials.; 
slight hyperpolarization has the opposite effect (Figur' 
14-16). By altering the amount of Ca^"** tiiat flows in^ 
the terminal, small changes in the resting membrane 
tential can make an effective synapse inoperative or^ 
weak synapse highly effective. Such changes in meS; 
brane potential can also be produced by other neurof " 
releasing transmitter at axo-axonic synapses that re^ 
late presynaptic ion channels, as described later. Th;; 
can also be produced experimentally by injecting a| 
rent J 
Synaptic effectiveness can also be altered in um 
nerve cells by intense activity. In these cells a high-^ 
quency train of action potentials is followed by a perijj' 
during which action potentials produce successiv|i 
larger postsynaptic potentials. High-frequency stim*^^ 
tion of the presynaptic neuron (which in some cells ^ 
generate 500-1000 action potentials per second) is call^ 
tetanic stimitlaHon. The increase in size of tlie postsynf 
tic potentials during tetanic stimiilation is called potei^ 
ation; the increase that persists after tetanic stimulati,.. 
is called posttetanic potentiation. This enhancement tj|l 
ally lasts several minutes, but it can persist for an h| 
or more ffigure 14-17). 'i 
Posttetanic potentiation is thought to result froS 
transient saturation of the various Ca""^ buffering 
terns in the presynaptic terminals, primarily the sino| 
endoplasmic reticulum and mitochondria. This leac% 
a temporary excess of Ca^"*", called residual Ca^*^/ th^^ 
suit of the relatively large influx that accompanies^, 
train of action potentials. The increase in the resting 
centration of free Ca^"*" enhances synaptic transmis|. 
for many minutes or longer by activating certain^ 
zymes tinat are sensitive to the enhanced levels of v,. 
ing Ca^"^, for example, the Ca^7calmodulin-depen| 
protein kinase. Activation of such caldmn-depen? 
enzymatic pathways is thought to increase the ii^o^ - 
tion of synaptic vesicles in the terminals, for e^^^ 
through phosphorylation of the synapsins. Phosph^ 
lation of synapsin allows synaptic vesides to be^^ 
from their cy fcoskdetal restraint and to be mobilize^^ 
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f|ced at release sites. As a result, each action po- 
^mepaig into the terminals of the presynaptic 
0m release more transmitter than before 

then is a simple kind of ceUuIar memoiyj The 
j|tic ceU stores information about the history of 
a^lty in die form of residual Ca^* in its termiimls 

ISrage of biochemical information in the nerve cell 
ifjief penod of activity, leads to a strengthening of 
T^ynaptic connection that persists for many min- 
^^fhapter 62 we shall seehowposttetanicpotenli- 
Jfcertam synapses is followed by an even loneer- 
:^»process (also initiated by Ca^'* influx), caSed 
rm potentmbon, which can last for many hours or 
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tonic Synapses on Presynaptic Terminals 
ite IntraceUular Free Calcium 




jges aiefoimKl on axon terminals as weU as the 
^cly and dendrites of nemx,ns (see Chapter 12) 
^as axosomatic synaptic actions affect aU branches 
Wynaptic nemon's axon (because they affect 
babihty that the neuron wiU fi^ an action poten 

'eKes"ST ^"^""^'^^^^^y control indi^dual 
.|^es of the axon. One important action of <,xo- 

^ S^''^- '° Mux into 

aphc tennmals of the postsynaptic ceU, either de^ 

g or enhancing transmitter release 

hyper- 
Is t^.^rvS '^^'^'^^ °^ mother, Jde- 
the hkehhood that the postsynaptic ceU w^l foT 

the a:nount of transmitter that will be 
Jd by the second cdl onto a third ceU- this acHnr, 

.axonic s)maphc actions can increase the amount of 
>tter released by the postsynaptic cell; this a^t^on 
^^^P^napticfacUitation (Hgu^e 14-18B). For 

weU understood, presynaptic m^S- 
m^^.^' ^^^y sensory pathways. 
^ anSaSSr^^ mechanisms of presynaptic inhi- 
ShAem2, '''"'"*"'""°"^°f invertebrates 
mechanoreceptor neurons (whose cell bodiS 

St^l^^:'^^^- Tlu^emecha- 

'btrnni ■ mediated by activation of 

^ o?S- l^cis to the simultaneo,^ 
•i^^ whlTit "P'^S °^ voltage-gated 

^ gated a channels, resulting, in an increaid 



Se ^olTh^H S.' ^^^^ shortKdmiits) 

telTS A P"'^'^ hi tiie presynaptic 

temmaL As a result, less depolarization if prSed 

Z, ; 1?^ mechanism is also mediated by activa- 
hZn 7^^"^^^ ««Pto« and involves di^ct S- 
^bonof the better releasemachinery,indepenSSt 

^eSepro^'"'^°''^""^"°-=*^P=--^-'^-thf 

Piiesyriaptic facilitation, in contrast, can be caused 
by an enhanced influx of Ca=*. In ce;tain moSSn 

t^^Z^nt/''' ^'^^^ cAMP^endS^p^ 
tern phosphorylation to dose chaniels, theSby 
bmadenmg the action potential and allowing the 
mflux to p^sist for a longer period (see S^t^ istln 
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Figure 14-18 Axo-axonic synapses can inhibit or facilitate 
transmitter release by the postsynaptic cell, 
A- An inhibitory neuron (c,) contacts the terminal of a second 
presynaptic neuron (a). Release of transmitter by cell c, de- 
presses the Ca^'*' current in cell a, thereby reducing the amount 
of transmitter released by ceil a. As a result, the postsynaptic 
potential in cell b is depressed. 
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B. A facilitating neuron {Cj} contacts the terminal of a second 
presynaptic neuron (a). Release of transmitter by cell Cz 
presses the K"^ cun-ent in cell a, thereby prolonging the actiop 
potential in cell a and increasing the Ca^**" influx through %^ 
voltage-gated Ca^^ channels. As a result, the postsynaptic po- 
tential in cell b is increased. 



addition, the cAMP-dependent protein kinase also acts 
directly on the machinery of exocytosis to enhance re- 
lease in a manner that is independent of the amount of 
Ca^"*" infliix. In other cells activation of presynaptic ligand- 
gated channels, such as nicotinic ACh receptors or the 
kainate type of glutamate receptors, increases transmit- 
ter release, possibly by depolarizing the presynaptic ter- 
minals and enhancing Ca influx. 

Thus, regulation of the free Ca^"^ concentration in 
the presynaptic terminal is an important factor in a vari- 
ety of mechanisms that endow chemical synapses with 
plastic capabilities. Although we know a fair amount 
about short-term changes in synaptic effectiveness- 
changes that last minutes and hours— we are only be- 
giiming to learn about changes that persist days, weeks, 
and longer. These long-term daanges often require alter- 
ation in gene expression and growtii of synapses in ad- 



dition to alteration in Ca^"*" influx and enhanceinen£ 
release from preexisting S3mapses. 



An Overall "S^ew 

In his book Ionic Cimnneb of Excitable Membranes, B"^ 
Hille summarizes tlie importance of caldtun in ^ 
ronal function: 

Electricity is used to gate daannels and channels are use^ 
make decbidty. However, the nervous system is not ^rixrim 
an dectrical device. Most exdtable cdls ultimately trai^;§- 
their dectrical exdtation into another form of activity. ..^ 
broad generalization, exdtable ceils branslate their dectii^ 
into action by Ca^*" fluxes modulated by voltage^ensi|_ 
Ca^"*" channels. Calcium ions are intracellular messengeiSi, 
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pf activating many cell functions. Caldum channels. . . 

the only link to transduce depolarization into all the 
l^trical activities controlled by excitation. Without Ca^"*" 
^ our nervous system would have no outputs. 

Jv. 

"^ther Na"** influx nor K**" efflux is reqtiired to re- 
fieurotransmitters at a synapse. Only Ca^**", which 
.'the cell through voltage-gated channels in the 
^aptic terminal, is essential. Synaptic delay — the 
Jjetween the onset of the action potential and the 
J of transinitter — ^largely reflects the time it takes 
jltage-gated Ca^"*" channels to open and for Ca^"^ to 
^ the discliarge of transnutter from S5maptic vesi- 

smitter is packaged in vesicles and each vesicle 
; approximately 5000 transmitter molecules. Re- 
transmitter from a single vesicle results in a 
SI synaptic potential. Spontaneous miniature 
potentials result from the spontaneous fusion 
;ie synaptic vesicles. Synaptic potentials evoked 
ve stimulation are composed of integral multiples 
Ij quantal potential. Increasing the extracellular 
ifdoes not change the size of the quantal synaptic 
Rather, it increases the probability that a vesi- 
discharge its transmitter. As a result, there is an 
:;e in the number of vesicles released and a larger 

aptic potential, 
-pid freezing experiments have shown that the 
K fuse with the presynaptic plasma membrane in 
jinity of the active zone. Freeze-fracture studies 
;^,^o revealed rows of large intramembranous par- 
'^^ong tiie active zone that are thought to be Ca^"** 
These highly localized channels may be re- 
Je for the rapid increase, as much as a thousand- 
e Ca^*** concentration of the axon terminal dur- 
.^ction potential. One hypothesis about how Ca^"^ 
|g. vesicle fusion is that this ion permits the forma- 
I? fusion pore that traverses both the vesicle and 
i membrane. This pore allows the contents of 
to be released into the extracellular space and 
dilate so that the entire veside fuses with 
naptic plasma membrane. 

also regulates the mobilization of the 
! vesicles to the active zone. These vesides ap- 
>3e bound to the cytoskeleton by synapsin, and 
,^^*?^ought to free the vesides by activating die 
^teiodiolin-dependent protein kinase, which 
^prylates flie synapsins. 

Jral molecular candidates have been identified 
.§1 account for the two otiier components of re- 
^^.^*^S and docking. Targeting is thought to be 
l|:by the smaU GTP-binding Rab3A and Rab3C 
•rJDocking and fusion is tiiought to involve the 



synaptic veside v-SNARE VAMP (or synaptobrevin) 
and tiae plasma membrane t-SNARES, syntaxin and 
SNAP-25. Caldum binding to ssmaptotagmin may ac- 
tively promote veside fusion or remove an inhibitory 
damp that normally blocks fusion. 

HnaUy, the amount of transmitter rdeased from a 
neuron is not fixed but can be modified by both intrinsic 
and extrinsic modulatory processes. High-frequency 
stimulation produces an increase in transmitter rdease 
called posttetanic potentiation. This (intrinsic) potentia- 
tion, which lasts a few minutes, is caused by (Za^*** left in 
the terminal after the large Ca^"*" influx that occurs dur- 
ing the train of action potentials. Tonic depolarization or 
hyperpolarization of the presynaptic neuron can also 
modulate release by altering steady state Ca^"*" influx. 
The extrinsic action of neurotransmitters on receptors in 
the axon terminal of another neuron can facilitate or in- 
hibit transmitter rdease by altering the steady state 
levd of resting Ca^"^ or the Ca^"** influx during tiie action 
potential. 

In the next chapter we shall carry our discussion of 
synaptic transmission further by examining the nature 
of the transmitter molecules that are used for chemical 
transmission. 



Eric R. Kandd 
Steven A. Siegelbaum 
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Increased inwardly rectifying potassium currents In HEK-293 cells 
expressing murine transient receptor potential 4 

Zongming ZHANG, Yufang TANG and Michael Xi ZHU^ 
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Drosophila transient receptor potential (Trp) and its mammalian 
homologues are postulated to form capacitative Ca^"^ entry or 
store-operated channels. Here we show that expression of murine 
Trp4 in HEK 293 cells also leads to an increase in inwardly 
rectifying K"^ currents. No similar increase was found in cell lines 
expressing Trpl, Trp3 or Trp6, Consistent with typical charac- 
teristics of inward rectifiers, the currents in Trp4-expressing 
cells were blocked by low millimolar concentrations of Cs"^ and 
Ba^"^, but not by 1 .2 mM Ca^"^, and were only slightly inhibited 
by 5 mM tetraethylammonium. Single channel recordings of 
excised inside-out patches revealed the presence of two con- 



ducting Slates of 51 pS and 94 pS in Trp4-expressing cells. The 
outward current in the excised patches was blocked by 1 mM 
spermine, but not by 1 mM Mg^"*^. How Trp4 expression causes 
the increase in the K"*^ currents is not known. We propose that 
Trp4 either participates in the formation of a novel channel 
or up-regulates the expression or activity of endogenous inwardly 
rectifying K"^ channels. 

Key words: capacitative Ca^"^ entry, K"^ channel, Kir, store- 
operated channel, Trp4. 



INTRODUCTION 

In the compound eyes of Drosophila melanogaster, transient 
receptor potential (Trp) and its two homologues, TrpL and 
Trpy, form channels that conduct light-induced currents resulting 
from the activation of G-protein-coupled rhodopsin and the 
subsequent stimulation of phospholipase C [1-3]. It had long 
been speculated that, in mammalian cells, capacitative Ca^'^ entry 
(CCE), which occurs as a consequence of Ca^"^ store depletion 
following the activation of phospholipase C [4,5], might be 
mediated by channels that share sequence similarity with the 
Drosophila Trp proteins. Indeed, seven Trp homologues have 
been isolated from mammalian species in recent years, and 
heterologous expression has revealed a great degree of complexity 
as to the mode of activation, single-channel conductance and ion 
selectivity of different Trp homologues [6-14]. 

Among the seven mammalian Trps, Trp4 has slightly more 
sequence similarity to the Drosophila Trp and TrpL and hence 
was the first one to be identified by several groups independently 
using reverse transcriptase coupled to a PGR method. A partial 
sequence from mouse was first reported [15], which was followed 
by the full-length cloning of the bovine, rat, mouse and human 
sequences [7,8,16,17]. The bovine trp4 was shown to encode a 
relatively Ca^"^-selective channel that was activated in response to 
Ca^"" store depletion when expressed in HEK-293 cells, CHO 
cells and RBL cells [8,18]. A more recent study indicated that 
Trp4 participates in the formation of Ca^^-release-activated Ca^"^- 
like channels in bovine adrenal cortex cells [19]. In Xenopus 
oocytes injected with rat trp4 cRNA, Ca^"^-activated CI" current 
was significantly increased after 2 h incubation with a high 
concentration of thapsigargin (TG) [20]. Thus Trp4 appears to 
be a component of store-operated channels. However, this view 



was challenged by a recent study that showed that murine Trp4 
(mTrp4), as well as the closely related Trp5, did not respond to 
store depletion, but rather to the activation of phospholipase C 
by cell-surface receptors [21]. In addition, the study also suggested 
that mTrp4 and mTrp5 form non-selective cation channels 
instead of Ca^^-selective channels, when expressed in HEK-293 
cells. Furthermore, expression of human Trp4 in HEK and in 
CHO cells led to constitutive Ba^"^ influx and a non-selective 
cation conductance without affecting either the store-operated or 
the receptor-activated Ca^^ influx and channel activity [17]. 

It is unclear why the effect of Trp4 on store-operated Ca^^ 
influx or conductance could be observed in some systems but not 
in others. Perhaps the differences in the DNA constructs, the 
cellular environment of the expression systems and the ex- 
perimental protocols used all contribute to the disparities. More 
importantly, the overexpression of Trp4 may affect the normal 
function and expression of a number of other proteins in the host 
cells, such as the up-regulation of Ins(l ,4,5)^3 receptor expression 
in cells expressing Trp3 [12]. In the present study we show that 
the constitutive and inducible expression of mTrp4 in HEK-293 
cells leads to no significant increases in CCE but causes an 
enhancement of inwardly rectifying K"^ (Kir) currents. Some 
preliminary data from the present study have appeared in abstract 
form [22]. 



EXPERIMENTAL 
Materials 

Spermine, potassium gluconate, sodium gluconate, calcium 
gluconate and tetraethylammonium chloride were from Sigma. 
^^S Express protein labelling mix (10 Ci/1) was purchased from 



Abbreviations used: [Od^%, intracellular Ca^"*" concentration; CCE. capacitative Ca^"^ entry; [K'^'J^, extracellular K"^ concentration; KATP, ATP- 
sensitive K'^ channel; Kir, inwardly rectifying K"^; P^. open probability; Trp. transient receptor potential; T4cAb, anti-Trp4 C-terminal antibody; T4nAb, 
anti-Trp4 N-terminal antibody; TG, thapsigargin; nnTrp4. murine Trp4. 

^ To whom correspondence should be addressed (e-mail 2hu.55@osu.edu). 
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Figure 1 Immunodetection of Trp4 in stable HEK cell lines 

(A) Immunoprecipttation of [^S]Trp4 from cell lysates prepared from m^/jo^transfected G418- 
resistant clones using an antl-(Trp4 N-terminus) antibody, T4nAb. The names of the stable 
clones are indicated on the top. One clone (T4-17) did not express Trp4. A stable HEK cell line 
expressing murine Trp6 (T6-48) was used as a negative control. The tilled arrow indicates the 
band for Trp4; the open arrow indicates a non-specific (NS) band present in all samples. (B) 
Dose-dependent induction of mTrp4 expression in an inducible cell line by ponasterone A. Equal 
amount of cells were seeded in wells of a six-wel! plate. Ponasterone A was added to give the 
indicated concentrations and cells were incubated at 37 °C for 20 h before pS]Met/Cys was 
added. pS]Trp4 was immunoprecipitated as in (A). (C) Immunoblotting of Trp4 in control 
(Cont) and T4-60 cells by the anti-(Trp4 C-terminus) (T4cAb, left) and the anti-(Trp4 N-terminus) 
{T4nAb. right} antibodies. (D) Immunolocalization of Trp4 in control (left) and T4-60 (right) cells 
by confocal microscopy using T4cAb. 



NEN Life Sciences. Protein A-Sepharose (4 Fast Flow) was 
from Amersham Pharmacia Biotech. Oregon Green-conjugated 
goat anti-rabbit antibodies were from Molecular Probes. 
lipofectAMINE® Plus and all tissue-culture reagents were 
purchased from Life Technologies. EcR 293 cells, ponasterone A 
and Zeocin were from Invitrogen. Rabbit polyclonal anti-Trp4 
N-terminal peptide (Tyr^-Arg^') antibody (T4nAb) was pro- 
duced by Quality Controlled Biochemicals (Hopkinton, MA, 
U.S.A.). Rabbit polyclonal anti-Trp4 C-terminal peptide anti- 
body (T4cAb) was kindly provided by Dr. V. Flockerzi (Uni- 
versitat des Saarlandes, Hamberg, Germany). 

cDNA, cell culture, transfection, and cell lines 

Full-length cDNA for mTrp4 was isolated from mouse brain as 
described in [23] and was subcloned into the expression vectors 

© 2001 Biochemical Society 



pcDNAS and pIND (Invitrogen) for constitutive and inducible 
expression respectively. 

Cell-culture conditions and the procedures for the estab- 
lishment of stable cell lines constitutively expressing mTrp4 in 
HEK-293 cells were as described in [23]. The expression of 
mTrp4 in these cell lines was confirmed by immunoprecipitation 
following the previously described protocol [24] using T4nAb 
(Figure 1 A). To produce stable cell lines for inducible expression 
of mTrp4, EcR 293 cells were used. These cells are transformed 
HEK-293 cells that express modified ecdysone receptor and 
retinoid X receptor required for inducible expression by ecdysone 
analogues, e.g. ponasterone A. The cells were maintained in 
Dulbecco's modified Eagle's medium containing 4.5 mg/ml glu- 
cose, 10% heat-inactivated fetal-bovine serum, 50 units/ml 
penicillin and 50 mg/ml streptomycin supplemented with 
400/ig/ml Zeocin. mtrp4/pTND (1 /^g) was transfected into 
2x 10^ EcR 293 cells seeded in a 35-mm-diameter dish using 
lipofectAMINE'^" Plus reagents following the manufacturer's 
protocol. Transfected cells were selected by 400 /ig/m\ G418 in 
96-well plates [23], and the expression of mTrp4 was examined by 
immunoprecipitation after induction by ponasterone A for 20 h. 
As shown in Figure 1(B), the expression of mTrp4 in one such 
cell line was dependent on the presence of ponasterone A in a 
dose-dependent manner, with the maximum induction reached 
at 5 fiM, 

For transient expression, 1 /ig of mtrp4/pcDNA3 was co- 
transfected with 0.2 /ig of pEGFPNl (Clontech) encoding an 
enhanced green fluorescent protein into 1x10^ HEK-293 cells 
seeded on a 35-mm-diameter dish using lipofectAMINE'^*^ 
Plus reagents. Control cells were transfected with pEGFPNl 
only. On the second day, cells were harvested, divided into six 
portions, plated on 35-mm-diameter dishes, and allowed to grow 
for an additional 20-30 h. Cells expressing the green fluorescent 
protein were identified under a Nikon epifluorescence microscope 
at excitation of 480 nm and emission of 510 mm prior to patch- 
clamp recording. 



Immunoblotting and Immunocytochemlstry 

For immunoblotting, crude membrane preparations from un- 
transfected (control) and the constitutive Trp4 cell line, T4-60, 
were subjected to SDS/PAGE (8% polyacrylamide) and trans- 
ferred on to nitrocellulose membrane (Bio-Rad). Western blot- 
ting was performed as described in [23], and Trp4 was seen in the 
preparation from T4-60 by the anti-Trp4 N-terminal antibody, 
T4nAb (Figure IC, right) and by the anti-Trp4 C-terminal 
antibody, T4cAb (Figure IC, left). 

For immunolocalization, formaldehyde-fixed cells were incu- 
bated with 1 : 1000 dilution of T4cAb [19], followed by 1 : 1000 
dilution of Oregon Green-conjugated goat anti-rabbit antibodies. 
Immunofluorescence signals were examined using a Nikon micro- 
scope coupled to a confocal laser scanning unit (Bio-Rad MRC- 
1024) and were found, to a large extent, to be evenly localized to 
the periphery of the T4-60 cells (Figure ID, right), consistent 
with Trp4 being a plasma-membrane protein. Under the same 
conditions, untransfected HEK-293 cells (Figure ID, left) or a 
stable cell line expressing human Trp3 (not shown) showed no 
immunostaining. 



Intracellular Ca^^ Imaging 

Intracellular Ca^"^ concentrations ([Ca^"^]^) were measured as 
described previously [6], with the exception that fura 2-loaded 
cells were examined on a Nikon Eclipse TE200 inverted micro- 
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scope, a PTI ImageM aster system was used for controlling the 
excitation wavelengths of 340 nm and 380 nm from a DeltaRAM 
monochromator, and emitted fluorescence at 510 nm was 
recorded by an intensified charge coupled device (' CCD ') camera 
(Photon Technology International). The ratio between the emit- 
ted fluorescence intensities from 340 nm and 380 nm excitation 
for individual cells was calculated after experiments using the 
ImageMaster software. Averages of ratios for cells from 8 to 
24 experiments were made using Microsoft Excel. 

Electrophysiological studies 

Whole-cell recordings 

Recording pipettes were pulled from micropipette glass 
(Drummond Scientific Co., Broomali, PA, U.S.A.) to a resistance 
of 2-4 MQ, filled with a pipette solution typically containing, 
except where indicated otherwise, (in mM): 140 CsCl, 2 MgClg, 
10 Hepes, 10 EGTA, 0.3 MgATP^, and 0.03 GTP, pH 7.20. The 
normal bath solution contained (in mM) : 126 NaCl, 10 CaCl^ 10 
glucose, and 1 5 Hepes, pH 7.40. Isolated HEK cells were voltage- 
clamped in the whole-cell mode using an Axopatch 200B 
Amplifier (Axon Instruments, Foster City, CA, U.S.A.). Once 
the whole-cell configuration was obtained, the recording solution 
containing (in mM) 140 potassium gluconate/sodium gluconate 
(either all K"^ or all Na"^, or a mixture of K"^ and Na"^ with a final 
gluconate concentration of 140), 10 glucose, and 15 Hepes, 
pH 7,40, was applied through fast bath perfusion. Voltage 
commands were made from the Clampex program of the pClamp 
6.0,4 software and currents were recorded into a Pentium II- 
based computer through a Digidata 1200 PC interface. A voltage 
rampof210msto -1-80 mV after a brief (25 ms)stepto -100 mV 
from holding potential at 0 mV was applied every 2 s. In some 
experiments, voltage pulses of 384 ms from — 100 mV to 80 mV 
in 15 mV increments from a holding of 0 mV were also used. All 
experiments were performed at room temperature. The level of 
K"^ selective current was determined by subtracting the current 
recorded in 140 mM sodium gluconate from that recorded in 
140 mM potassium gluconate. Data analysis was performed 
using Clampfit software (Axon Instruments) 

Single-ctiannel recordings 

The pipettes were pulled from type 7052 glass (Garner Glass Co., 
Claremont, CA, U.S.A.) to a resistance of 9-11 MH and filled 
with a solution containing (in mM) either 140 sodium gluconate 
or 140 potassium gluconate, 5 NaCl, 2 CaClg and 10 Hepes. Cells 
were bathed in normal Ringer's solution containing (in mM): 
140 NaCl, lOKCl, 1 MgCl^, 2 CaCl^, and 10 Hepes. Patches were 
excised to an internal solution containing (in mM) 140 potassium 
gluconate, 10 Hepes, 2 EGTA and 5 NaCl. MgCl2 or spermine 
was added to the potassium gluconate internal solution from the 
concentrated stock and applied through perfusion as needed. 
The pH was adjusted to 7.40 for all solutions. Currents were 
recorded at 5 kHz, filtered at 1 kHz for analysis using pClamp 
6.0.4 (Axon Instruments). Event lists were generated by Fetchan 
and used for analysis by the pSTAT program. Open probabilities 
(P^) were determined using an interval of 0.5 s and averaged for 
a given drug treatment, 

RESULTS 

Expression of mTrp4 in HEK-293 cells leads to no apparent 
Increase in CCE 

In order to study its function, we produced stable HEK-293 
cell lines expressing mTrp4 in constitutive and inducible ways 



(Figure 1). To test whether overexpression of Trp4 enhances 
CCE activity, we measured changes of [Ca^"^]^ by fluorescence 
video imaging in fura 2-loaded cells using the Ca^"^ free/Ca^^ re- 
addition protocol described previously [6,24]. Although we 
consistently detected significant increases in agonist-stimulated 
Ca^"^ influx in cells expressing human Trp3, we were not able to 
detect such an increase in stably and transiently transfected cells 
expressing mTrp4 (results not shown). Cells were also treated 
with 0.5 /*M TG in a nominally Ca^'^-free solution, and 1 .8 mM 
Ca^"^ was added later to reveal store-operated Ca^^ influx. 
However, no change was found in m/rp^- transfected cells as 
compared with the control untransfected cells (results not shown). 
Thus it is unlikely that expression of mTrp4 in HEK-293 cefls is 
associated with an increase in CCE. 

Expression of mTrp4 In HEK-293 cells leads to an increase in Kir 
wtiole-cell currents 

To test whether mTrp4 expression enhances store-operated cation 
conductance, we performed whole-cell voltage clamp experiments 
for the Trp4 cell line, T4-60. Some spontaneous endogenous 
currents occurred in both control and Trp4 cells and they were 
prevented by using gluconate instead of Cl~ as the main anion in 
the bath and using Cs"^ instead of K"^ as the main cation in the 
pipette solution. Under basal conditions and in an external 
solution containing 140 mM Na"*^, currents were very small at all 
potentials, as revealed by a voltage-ramp protocol. However, 
when the Na"^ was replaced by K"*^, a significantly larger inward 
current developed in the Trp4 cells than in control cells at nearly 
all negative potentials (Figure 2A). The currents were inwardly 
rectifying and did not inactivate within a period of 384 ms, as 
shown by a step-pulse protocol (Figure 2B), The K"^ specific 
current was readily observed when as little as 5 mM K"^ was 
present in the bath solution (Figure 2C). The reversal potentials 
under different extracellular K"^ concentrations ([K'^JJ were 
determined using an internal solution containing 140 mM KCl, 
The results agreed well with the prediction by the Nemst equation 
taking K"^ as the sole charge carrier (Figure 2D). Also, the 
current amplitude was dependent on [K^]^,, following a re- 
lationship that g/gmax i^^^ fraction of maximal conductance) is 
proportional to the square root of [K^]^ (Figure 2E). This 
relationship has been documented for native and cloned Kir 
channels [25,26]. Therefore, the expression of Trp4 has led to an 
increased Kir channel activity in HEK-293 cells. 

In order to rule out the possibility that the increase in Kir 
activity was unique to T4-60 cells, we measured the K"*^-selective 
currents in four other cell lines that constitutively expressed 
mTrp4 and an inducible cell line after the expression of mTrp4 
was induced by 2 /iM ponasterone A for 24-48 h. About 2-4- 
fold significant increase in K"*^ conductance at — 80mV was 
found in all cell fines (Table 1). For the inducible cell line, 
ponasterone A treatment caused a 2-fold increase in the K"^ 
current at — 80 mV as compared with the uninduced cells, which 
had the same low level of Kir activity as the untransfected 
control cells. The K'^-selective currents were also measured in 
cells transiently expressing mTrp4 and the enhanced green 
fluorescence protein. These cells also showed a 2-fold increase 
of Kir activity over control cells (Table 1). Therefore, the 
increased Kir activity appears to result from the expression of 
mTrp4, but not a random selection of cell lines. 

In contrast with the Trp4-expressing cells, cells expressing 
Trpl, Trp3 or Trp6 did not show significant increase in K"^- 
selective currents (Table 1), indicating that the enhancement of 
Kir activity is not conrmion to the expression of Trps but rather is 
unique to that of Trp4. 
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Square-root of [K*]^ 



Figure 2 Inwardly rectrfying whole-cell currents in T4-60 cells 

(A) A voltage ramp to +80 mV after a brief (25 ms) step to —100 mV from holding potential at 0 mV revealed inwardly rectifying currents in T4-60 cells (upper) only in 140 mM potassium 
gluconate, but not sodium gluconate, bath solution. Non-transfected HEK-293 cells (control) had much smaller K"*^ currents (lower). (B) Series of voltage steps { — 100 mV to 80 mV in 15 mV 
increments) from 0 mV showed no current inactivation during the 384 ms pulses. (C) Effect of [K\ on current sizes and reversal potentials of the inwardly rectifying currents in 14-60 cells. 140 mM 
KC! was used in the pipette solution in place of CsCI, which was used in all other measurements. [K*^];, used are from the top to the bottom trace 0, 5, 10, 20. 40, 80, 120 and 140 mM. The 
solutions were prepared by substituting potassium gluconate with equal concentrations of sodium gluconate and were applied through perfusion. Recordings were made as in (A). (D) Reversal 
potential versus log [K"^]^ Currents recorded in 140 mM sodium gluconate were subtracted from all traces, and zero current potential was determined. Data are averages + range of results obtained 
from two cells. The continuous line shows the prediction by Nernst equation: 
fK = 2.303-[(fl/-)/fI-log([KV[K]j) 

where R[ - 8.315 JK~^ -mol"^) is the gas constant, Ti - 295.16 K) is the room temperature, F( = 96480 C-mor^) Is the Faraday's constant and f,^ is the effect of on the conductance. 
g/g^ was calculated by dividing the amplitude of current at -80 mV in a given [K"^];, by that in 140 mM [K\ The plot shows that the conductance is approximately linear to the square 
root of [K"^];,. Results are averages ± S.E.M. of results obtained from 1 0-1 2 cells. Points were fitted by linear regression. 



Further study of the Kir currents in T4-60 cells showed that 
the currents were relatively insensitive to low millimolar con- 
centration of Ca^^ and tetraethylammonium, but highly sensitive 
to extracellular application of low concentrations of Cs"^ and 
Ba^"^ (Figure 3 and Table 2), typical features of most known Kir 
channels [27-29]. The size of the current was not affected by the 



holding potential at 60, 0 or — 60niV (not shown), indicating 
that its activation is not voltage-dependent. 

Unlike any store-operated current or any current known to be 
mediated by Trp channels, the Kir currents found in mtrp4 
transfected cells did not require Ins(l,4,5)/'3 in the pipette. 
Furthermore, the Trp4 cells displayed similar size of the Kir 
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Table 1 Summary o1 inward K'^-selective currents at - 80 mV in different 
HEK-293 cell lines 

Whole-cell recordings were made in a bath solution containing 140 mM potassium gluconate 
as in Figure 2(A). T1 , T3, T4 and T6 are stable cell lines expressing human Trpi . human Trp3, 
murine Trp4 and murine Trp6 respectively. Amplitudes for the K"^ -selective currents at 
— 80 mV were determined by subtracting the currents recorded in 140 mM Na"*" from those 
recorded in 1 40 mM K"^. For the inducible Trp4 cell line, cells were treated with either carrier 
only (ethanol) or 2 fiU ponasterone A for 24-48 h. Results are averages ± S.E.M. for numbers 
of cells as indicated. *P < 0.0001 different from control (transiently transfected or a stable cell 
line expressing a vasopressin receptor [24]); 0.005 different from the uninduced as 
determined by Student's / test. 



CeW name K"^ current at —80 mV (nA) Number of cells 



Control 


-0.13 + 0.02 


45 


mtrp4 transiently transfected 


-0.41+0.03' 


19 


Constitutive cell lines 






T1-28 


-0.10 + 0.02 


4 


T3-9 


~ 0.11 ±0.03 


5 


T4-1 


-0.48 + 0.10* 


14 


T4-3 


- 041+ 0.1 r 


7 


T4-20 


-0.49 + 0.10* 


7 


T4-60 


-059 + 0.04* 


94 


T4-82 


-0.48 + 0.13* 


7 


T6-48 


-0.15 + 0.03 


20 


T6-55 


-0.15 + 0.04 


10 


Inducible Trp4 cell line 






Uninduced 


-0.14 + 0.04 


9 


Induced 


-0.42 ±0.07** 


9 



+80 




None 

i ^ — ^ ' ' 1 ^ 

0 40 80 120 160 200 240 

Time (ms) 



Figure 3 Sensitivity of Kir current in T4-60 cells to batti addition of Ca^^, 
Ba^^, tetraethytammonium (TEA) and Cs^ 

WhoIe-ce!l recordings were made in a bath solution containing 140 mM potassium gluconate 
as in Figure 2(A). Inhibitory ions were applied through fast perfusion of the same solution 
containing ions (in mM) as indicated. The activity was allowed to recover after wash-out and 
before the application of the next inhibitory ion. Shown are representative traces of ionic 
inhibition from a typical cell. Currents recorded in 1 40 mM sodium gluconate were subtracted. 



currents in several different pipette solutions, whether or not they 
contained ATP, GTP, EGTA or Mg^^ (results not shown). 

Single-channel analysis of Kir activity In Trp4 cells 

The presence of the Kir in Trp4 cells was further demonstrated 
in single-channel recordings of inside-out patches (Figure 4). 



Table 2 Inhibition of Kir current at - 80 mV in T4-60 cells by bath addition 
of Ca^^, Ba^"", tetraethylammonium (TEA'') and Cs^ 

Conditions were the same as in Figure 3. Results are averages! S.E.M. for the numbers of 
cells indicated. "P< 0.0005; *P< 0.0001 different from 100% as determined by Student's 



/ test. 


Cation 


Concn. (mM) 


Inhibition (%) 


Number of cells 


Ca^-' 


1.2 


5 + 2 


7 


Ba^^ 


0.5 


93 ±2* 


7 


TEA+ 


5,0 


26 + 4" 


7 


Cs^ 


0.2 


89 + 2* 


6 


Cs^ 


1.0 


93 + 2* 


6 



With transmembrane potential held at + 60 mV, current activities 
were seen upon excision of inside-out membrane patches to an 
intracellular solution containing potassium. At least two con- 
ductance levels were observed for T4-60 cells. Although some 
patches displayed mostly single conductance as shown in Figure 
4(A) for a patch having the higher amplitude and in Figure 4(D), 
trace i, for another patch having the lower amplitude at -I- 60 mV, 
many cells showed both conducting states in the same patch 
(Figure 4D, trace ii). An all-point amplitude histogram analysis 
also indicated the presence of two conductance levels (Figure 
4B). Dwell-time analysis showed that the higher conductance 
state had a mean open time of 3.3 ms (Figure 4C). The K"^ 
selectivity of the single channel was demonstrated by the ob- 
servation that when Na"*^ was used in the pipette, only outward 
currents were recorded at all membrane potentials (Figure 4E, 
left), whereas when K"^ was used in the pipette, both inward and 
outward currents were observed (Figure 4E, right). Amplitude 
analyses at different holding potentials for patches placed in 
symmetrical solutions revealed linear current-voltage 

relationships and slope conductance of 51 and 94 pS for the 
lower and the higher conducting states respectively. Therefore 
the channel may have a subconducting state or there may be at 
least two different channels. Under the same conditions, we have 
observed single-channel currents in two out of more than 25 
patches excised from untransfected control cells. Because of the 
scarcity of the observation, it is diflicult to determine whether 
the channels are the same as those seen in Trp4 cells. However, if 
they were the same, then the activity we saw in Trp4 cells would 
come from the up-regulation of endogenous Kir channels. 

The linear current-voltage relationship of the Kir activities 
seen in inside-out patches of the Trp4 cells is in agreement with 
the behaviour of a typical Kir channel in this configuration. The 
presence of Mg^"^ and polyamines at the cytosolic side of 
the plasma membrane is mainly responsible for the inwardly 
rectifying behaviour of Kir in whole-cell configuration [30,31]. 
We therefore tested the effect of Mg^"" and spermine on the 
outward single-channel current in inside-out patches. Excised 
patches were held at +60 mV and a potassium gluconate 
solution containing either 1 mM Mg^"" or 0. 1 or 1 mM spermine 
was applied to the cytoplasmic side of the membrane through 
perfusion. In all cases, we did not observe any decrease in the 

of the channel by Mg^-^ (0.39 ± 0. 1 3 and 0.56 ± 0. 1 1 for before 
and after the appH cation of Mg^"^ respectively. Average ± S.E.M. , 
n = 4). In three out of the four patches, there was a small increase 
in P^ by Mg^"*^ (Figure 5A). On the other hand, while 0.1 mM 
spermine caused a small decrease in application of 
1 mM spermine abolished the outward current (Figure 5B; the 
inhibition of P^ was 98.4 + 0.7% for 1 mM spermine, n — 4). 
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Figure 4 Single-channel Kir currents in inside-out patches excised from T4-60 cells 

(A) Representative traces o1 current at + 60 mV in symmetrical K"^ solutions o! a patch having predominantly the higher conducting state. (B) An all-point amplitude histogram analysis for the 
same patch shown in (A) recorded at +60 mV for 20 s. Broken lines show the least-square fits of Gaussian function lor zero and two open levels using the Simplex method. (C) Dwell-time 
analysis of open (upper) and closed (lower) states for the same record as in (B). Continuous curves are single exponential fits by the Simplex method. (D) Representative traces of currents at 
-t- 60 mV of a patch having predominantly the lower conducting state (trace i) and another patch having both the higher and the lower conducting states (trace il). (E) Representative traces of 
single-channel activity at different holding potentials recorded in Na"^ outside and K"^ inside configuration (left) or in symmetrical K**" solutions (A). Broken lines indicate the closed state. (F) Single* 
channel current-voltage relationship. Results are averages + S.E.M. for three to six patches. Points were fitted by linear regression. 



DISCUSSION 

In an effort to study the electrophysiological properties of 
heterologously expressed Trp channels, we accidentally found 
that there is a significant increase in Kir current in all Trp4- 



expressing cells. The K"^ activities are typical features of Kir 
channels, including a high sensitivity to extracellular application 
of Cs"^ and Ba^^ and to the intracellular block by polyamines. 
Because it is insensitive to intracellular application of 1 mM 
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Figure 5 Effect of Mg^"^ (A) and spermine (B) on the outward current in inside-out patcfies of T4-60 cells in symmetrical 140 mM 

Patches were held at + 60 mV. MgClj or spermine was added to the potassium gluconate internal solution and perfused to the cytoplasmic side of the inside-out patch as indicated. Upper traces 
show the single channel activities of the same patch before and after the addition of Mg^"^ or spermine. Gaps indicate solution changes, which were less than 1 5 s. Sections marked (i). {ii) and 
(iii) are expanded and shown below. Broken lines indicate the closed level. 



Mg^^ and only blocked by high concentrations of spermine, the 
Kir channel(s) seems to belong to the group of weakly rectify- 
ing Kir channels [32-34]. The single-channel conductance of this 
channel appears to be higher than that of channels formed by 
Kirl, Kir2 and Kir3 subfamilies [35-37], but is within the range 
of that of ATP-sensitive K"' channels (KATP) [38,39]. 

It remains controversial whether Trp4 is involved in CCE. 
While two groups have demonstrated TG-stimulated Trp4 acti- 
vity [8,18,20], another group showed that the channel only 
responded to receptor agonist but not store-depletion by TG 
[21]. Using Trp4-specific antibodies, we showed that mTri>4 was 
expressed and was localized at or near plasma membrane of the 
transfected HEK 293 cells. However, under the same conditions 
that Trp3-mediated Ca^"^ influx was clearly revealed, we failed to 
detect any increase in agonist- or TG-stimulated Ca^^ influx. The 
diflFiculty of seeing Trp4 function in CCE was also evident in a 
recent study, where agonist- and TG-stimulated Ba^"^ influx was 
not increased in Trp4-expressing cells [17]. Therefore, either 
Trp4 cannot form a Ca^^ influx channel by itself or its over- 
expression changes the homoeostasis of the transfected cells and 
thus alters the expression and activity of other proteins, some of 



which may undermine its effect on CCE. The increased Kir 
activity may be an example of the latter possibiUty. It is important 
to note that Kir activities are not readily noticeable in whole-cell 
recordings using standard external solutions that contain low or 
no K"*". This may be why in previous studies, the effect on Kir 
activity was not noticed for bovine, human, and rat Trp4 
[8,17,18,20]. Moreover, the Kir may not be the only channel 
affected by Trp4 overexpression. Since the effect of Trjyt- on Kir 
current was only revealed after changing the [K'*^]^, it is con- 
ceivable that under other specific conditions the effect of Trp4 
on additional channels may be discovered. 

The reason for the increased Kir activity in Trp4-expressing 
cells is not known. The Trp channels are structurally different 
from the Kir channels in that each Trp has six transmembrane 
segments, whereas a Kir subunit has only two, which together 
with an intervening P-domain form the conducting pore [32-34]. 
The putative pore region of Trp4 lacks the Gly-Tyr-Gly (or Gly- 
Phe-Gly as in the case of KATP channels) motif typically 
required for K^^ selectivity [34]. Therefore it is unlikely that Trp4 
would form a Kir by itself. However, Trp4 might recruit and 
interact with endogenous Kir subunits in the HEK cells to form 
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a novel channel, in a manner similar to the octameric structure 
of K ATP, which is made of four Kir (Kir6.1 or Kir6.2) subunits 
and four sulphonylurea receptor subunits [38,39]. The possibility 
that Trp4 and Kir6.x co-assemble exists because the cystic- 
fibrosis transmembrane conductance regulator, which forms a 
CI" channel by itself, could form a Kir with Kir6.1 [40]. Secondly, 
overexpression of Trp4 could have adverse effects on cellular 
function, and thus Kir activity may be up-regulated to overcome 
these effects. The increased basal influx of Na"*^ [17] may lead to 
membrane depolarization, which Kir can correct, and hence 
stabilize the resting potential of the transfected cells. However, 
the intrinsic Ca^^ and Na"^ influx cannot account solely for the 
increase in Kir activity, because the increase was not seen in cells 
expressing Trpl, Trp3 and Trp6, which are partially active under 
basal conditions [11,24,41,42]. Therefore functions unique to 
Trp4 must be involved. Thirdly, it could be expected that, during 
the stabilization process when multiple passages were engaged to 
allow the selection of transformed cells, the selection pressure 
could favour the growth of cells with initially higher Kir activity 
when Trp4 was overexpressed. However, since the Kir 
activity was readily seen in transiently transfected cells and in 
induced cells that had expressed Trp4 for less than 48 h, it 
appears that the enhanced Kir activity is a direct response to 
Trp4 expression but not a result of selection of cell lines. In 
transiently transfected CHO cells we also observed L5-fold 
increase in K'^-selective currents in cells expressing mTrp4 
(Z. Zhang and M. X. Zhu, unpublished work). Therefore the 
enhancement of Kir activity due to Trp4 expression is not limited 
to HEK-293 cells. Lastly, the transcription and/or translation of 
the Kir, or its regulatory subunit or activator, may be controlled 
by a factor that is part of Trp4-mediated signalling. Thus the 
activity of Trp4 may increase the expression of the Kir or 
the expression of other proteins that modulate the activity of the 
Kir. 

In summary, we have demonstrated for the first time that the 
expression of mTrp4 in a mammalian cell line leads to increased 
Kir activity. This unexpected finding adds a new dimension to 
the studies on cellular responses modulated by Trp homologues. 
In addition to mediating Ca^+ influx, the non-selective cation 
channels formed by some members of the Trp family also 
mediate a substantial amount of Na'^ influx, and thereby initiate 
membrane depolarization in response to the activation of 
phospholipase C. By enhancing the activity of Kir, Trp4 helps to 
stabilize the membrane potential, opposing the depolarizing 
effect of other Trp proteins, but on the other hand prolonging the 
duration of an action potential if sufficient depolarizing force is 
exerted. Whether or not Trp4 itself participates in the formation 
of Kir channel(s) or how it affects the formation of such channels, 
as well as the physiological significance for the correlation 
between Trp4 and Kir, remain to be elucidated. 
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